





1.1.  Natural gas 
Natural gas is one of fossil fuels such as petroleum or coal, and is a clean and 
price-competitive resource. The natural gas, which is produced with petroleum, or 
produced is gas fields, is known as a conventional gas. The main component of natural 
gases is methane. Natural gases include a small amount of impurities such as carbon 
dioxide (>1%) or hydrogen sulfide (>5 ppm). The natural gas has the lowest 
environmental load among the fossil fuels. For example, natural gas gives the lowest 
carbon dioxide emission in the combustion exhaust per unit calorific value of heat and 
contains the lowest amount of sulfide among fossil fuels. Additionally, the amount of 
natural gas is abundant in the reserve. Fig. 1.1 indicates the proven reserve and the 
regional distribution of petroleum and natural gas1). The natural gas (conventional gas) 
has 187.5 trillion m3 of proven reserve and 63 years of the reserve-production ratio, 
which is larger than that of petroleum (46 years). Development of extractive 
technologies has contributed to the enhanced reserve-production ratio of the natural gas. 
This reserve-production ratio of natural gas increases to 170 years in unconventional 
gases such as shale gas, tight gas, coalbed methane, and methane hydrate. Low cost 
extractive technology for these unconventional gases is developed, because extractive 
cost of these gases is high. According to Fig. 1.1, although 60% of proven petroleum 
reserves are intensively located in the Middle East region, natural gases are widely 
distributed in the Middle East, Russia, Europe and Australia. From these reason, the 
natural gas utilization has been progressively increasing in the recent years. So, the 
market share of natural gases in primary energy will increase in the future.  
 
1.2. Natural gas utilization technologies 
Natural gas is transported from gas fields into consumption regions, and utilized as a 
city gas or a fuel for power generation. Two types of the transport technologies are well 
known. One is the transporting in the gas phase by pipelines, and another is the 
transporting in the liquid phase by liquefied natural gas (LNG) tankers. The pipeline is a 
huge infrastructure, which connects gas-producing countries and consumer countries. 
For example, Russia supplies natural gas into the countries in Europe by pipelines. Due 
to this feature, the transport of natural gas in pipeline has been threatened by the country 
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risk of gas-producing countries and way countries. Japan imports natural gas as LNG, 
because Japan cannot lie on pipelines from gas-producing countries. Japan imports 
LNG from Malaysia, Australia, Qatar and so on. Recently, the import of LNG from 
Sakhalin to Japan started. LNG is produced by liquefaction of natural gas at 111 K. 
LNG is easier for transport than natural gas, because liquefaction decreases the volume 
of gas. The liquefaction also eliminates carbon dioxide and hydrogen sulfide from 
natural gas. LNG requires huge infrastructures at the liquefaction and storage. As 
described above, both the pipeline transportation and the LNG production require huge 
infrastructures. So, these transport technologies are not applicable for small scale gas 
fields located all over the world.  
For the utilization of small scale gas fields, natural gas must be converted to 
chemical compounds, which are easy to transport. The gas to liquid (GTL) process and 
the oxidative coupling of methane (OCM) process are typical natural gas conversion 
processes. In the GTL, liquid fuels are produced by Fisher-Tropsh synthesis (FT 
synthesis) from syngas (carbon monoxide + hydrogen), which is produced from natural 
gas. A large GTL process started at Mossel Bay in South Africa from 1992. In Qatar, 
Oryx GTL (34 thousand barrels per day) and Pearl GTL (140 thousand barrels per day) 
are known as commercial GTL processes. As shown in Fig. 1.2, the GTL process is 
composed of syngas production part, FT synthesis part and upgrading part. 
Improvement of efficiency in the syngas production part is important, because the end 
product price is significantly affected by the syngas production part2). The OCM is 
another natural gas conversion technology. The OCM has received much attention for 
producing C2 compounds (especially ethylene) in one-pass reaction. Different from the 
GTL, the OCM is a direct conversion process. So, on the OCM, higher energy 
efficiency and less complex processing are expected than the GTL. 
 
1.3 Partial oxidation of methane 
Partial oxidation of methane (POM) is a syngas production reaction from methane 
and oxygen (eq. 1.1). 
CH4 + 1/2 O2 → 2 H2 + CO   ∆H
0 = –35.6 kJ mol-1                      eq. 1.1  
This reaction can proceed auto-thermally, because of an exothermic nature. Industrially, 
the POM is conducted without any catalyst. The non-catalytic process can utilize 
several feedstock such as natural gas or heavy oil, due to non-carbon deposition and 
non-sulfur poisoning. The reaction is conducted at high temperature (1373-1773 K). 
From perspective of energy efficiency, low temperature condition is desirable, because 
the POM is exothermic. High temperature condition brings an increase of the syngas 
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production cost, which is undesirable for the GTL process. Therefore, development of a 
catalyst, having high POM activity at low temperature brings about the reduction in the 
syngas production cost, and leads to an effective GTL process.  
Various supported metal catalysts have been investigated for the POM. Noble metal 
catalysts such as Rh, Ru, Pd, Pt, Ir show high POM activity and selectivity without 
carbon deposition3-6). Although these noble metal catalysts are effective catalysts for the 
POM, they are very expencive. So, less expensive Ni catalysts have been widely 
investigated. In the case of Ni catalysts, carbon deposition causes low activity or 
deactivation. Many researchers have investigated the suppression of carbon deposition 
on Ni catalysts7-15). Among these investigations, the utilization of La2O3 support
11-15) is 
much reported for suppressing carbon deposition. In the case of Ni/La2O3 catalysts, Ni
0 
formed by decomposition of LaNiO3 is an active center, and the La2O3 support 
contributes to suppres carbon deposition11, 12).    
Two types of POM mechanisms have been advocated by many reserches16-20). One 
is a direct route POM, and another is an indirect route POM. In the case of the direct 
route POM, syngas is a primary product from methane and oxygen. The direct route 
POM have been reported to be conducted under a short contact condition (10-4-10-2 s) 
over Pt, Rh catalysts by Schmidt et al16). They suggested that syngas was produced 
directly from methane and oxygen as shown in eq. 1.2-1.4. 
CH4 ↔ C(abs)+4H(abs)                                          eq. 1.2 
C(abs)+[O]s ↔ CO(abs) ↔ CO(g)                                         eq. 1.3 
2H(abs) ↔ H2(g)                                                                                eq. 1.4 
In contrast, syngas is the secondary product of the indirect route POM17-20). Fig. 1.3 
indicates the reaction scheme of the indirect route POM. As shown in Fig. 1.3, 
combustion of methane (exothermic) proceeds at the introduction part of the catalyst 
bed and steam/CO2 reforming (endothermic) proceeds at the end part of the catalyst bed. 
So, the temperature at the introduction part of the catalyst bed is higher than that at the 
end part of the catalyst bed due to the exothermic reaction. The composition of effluent 
gas is dominated by the thermodynamic equilibrium of steam/CO2 reforming and water 
gas shift reaction. The heat, which is necessary for promotion of the steam/CO2 
reforming, is supplied by the combustion. Therefore, low temperature methane 
combustion and effective heat supply to the steam/CO2 reforming are necessary for low 
temperature performance of the indirect route POM. 
 
1.4.  Oxidative coupling of methane 
Oxidative coupling of methane (OCM) is a direct conversion of methane into C2 
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compounds (eq. 1.5).  
CH4 + 1/2O2 →1/2C2H4 + H2O ΔH
0=–141 kJ mol-1                        eq. 1.5 
Ethylene is a very important chemical resource. Polyethylene, poly-(vinyl chloride), 
styrene, ethylene glycol etc. are produced from ethylene. Different from the GTL, the 
OCM is a direct conversion process. So, on the OCM, higher energy efficiency and less 
complex processing are expected. Although this reaction is attractive, high C2 yield has 
not been achieved yet for the last 3 decades21-24). To achieve high C2 yield on the OCM 
is a big challenge. 
 Oxide catalysts have been researched21-35) for the OCM, such as Li/MgO, 
Mn/Na2WO4/SiO2, and La2O3. Among these catalysts, high C2 yield was achieved on 
Mn/Na2WO4/SiO2 catalyst
27-30). However, Na compound of the catalyst was unstable at 
high temperatures over 950 K. Na contents in the catalyst were decreased by melting or 
volatizing during high temperature operation. So, Mn/Na2WO4/SiO2 catalyst is not 
applicable industrially. On the other hand, La-containing oxide catalysts are stable at 
high temperatures. La2O3 and Sr-La2O3 are known as the effective catalysts
31-35).  
Methane has a tetrahedral isotropic structure and a high CH3-H bond dissociation 
energy (435 kJ mol-1). So, the methane activation step is the rate-determining step in the 
OCM reaction scheme. The methane activation on oxide catalysts requires high 
temperature over 973 K. The OCM reaction scheme is portrayed in Fig. 1.421-41). Both 
reactions on the catalyst surface and in the gas phase proceed simultaneously in the 
OCM. Ethane production reaction includes hydrogen abstraction from methane by 
surface oxygen species (eq. 1.6), followed by methyl radical coupling in the gas phase 
(eq. 1.7). 
CH4 + O*(s) → CH3· + OH(s)                                         eq. 1.6 
2CH3· → C2H6                                                     eq. 1.7 
Here, O* and (s) indicate active oxygen species and surface adsorbed species, 
respectively. Lunsford et al45-47) confirmed the formation of methyl radical under the 
OCM condition by ESR. Methyl radical formation reaction (eq. 1.6) has high activation 
energies; i.e. Ea=228 kJ mol
-1 without any catalyst42）, 109 kJ mol-1 on Li/MgO 
catalyst23), 212 kJ mol-1 on Mn/Na2WO4/SiO2 catalyst
43), 160-180 kJ mol-1 on La based 
catalysts41), due to the stability of methane. Methyl radical coupling (eq. 1.7) proceeds 
in the gas phase. Ethylene is produced via the dehydrogenation of ethane. As shown in 
Fig 1.4, the dehydrogenation of ethane proceeds both in the gas phase and on the 
catalyst surface. Besides C2 production, carbon monoxide and carbon dioxide are 
generated by both gas phase and catalytic reactions of methane and C2 compound 
(dotted allow in Fig 1.4). Oxidation to carbon monoxide and carbon dioxide by gas 
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phase oxygen (eq. 1.8) is unavoidable at a high temperature condition (above 973 K), 
because oxygen is a bi-radical molecule.  
CH3· + O2(g) ↔ CH3OO·(g) →→ CO, CO2                              eq. 1.8 
O2 (g) indicates molecular oxygen in the gas phase. At higher temperatures, methyl 
radical is favored in this quasi-equilibrium. Catalytic oxidation of methane into carbon 
monoxide and carbon dioxide proceeds as stated in eq. 1.9. 
CH3· + OO*(s) → CH3OO·(s) →→ CO, CO2                             eq. 1.9 
As depicted in above reaction equations and Fig 1.4, the active center of OCM is 
active oxygen species on metal oxide catalysts. For example, [Li+ O-] is reported as an 
active center on the Li/MgO catalyst25, 26). According to Malekzadeh et al30), O2
-, O2
2-, 
O- are produced at the Mn site on Mn/Na2WO4/SiO2 catalyst. O species can take various 
states as stated in eq. 1.10.  
O2(g) ↔ O2(s) ↔ O2
-(s) ↔ O2
2-(s) ↔ 2O-(s) ↔ 2O2-(sl)                   eq. 1.10 
(g), (s), and (sl) indicate gas phase, surface adspecies, and surface lattice anion, 
respectively. The position of the quasi-equilibrium of oxygen dissociation depends on 
the temperature, oxygen partial pressure, and nature of the oxide surface. In this 
equilibrium, weak adsorbed oxygen species such as O2
-(s) and O2
2-(s) are electrophilic, 
while, O-(s) or O2-(sl) are electrophobic. Electrophilic and electrophobic oxygen species 
play differently in the OCM reaction as shown in Fig. 1.4. Electrophobic oxygen species 
are associated with methane dissociation into methyl radical, whereas electrophilic 
oxygen species are associated with oxidation into carbon monoxide and carbon dioxide. 
So, formation of electrophobic oxygen species on the oxide catalyst contributes to high 
C2 selectivity. Borchert et al
35) investigated the relation between C2 selectivity and the 
oxygen ion conductivity of cation-doped La2O3 catalysts. The order of oxygen ion 
conductivity has been known as Sr/La2O3 > Zn/La2O3 > La2O3 >Nb/La2O3 >Ti/La2O3
35). 
The doping of low valence cations (Sr2+, Zn2+) increases the oxygen ion conductivity, 
and the doping of high valence cations (Ti4+, Nb5+) decreases the oxygen ion 
conductivity. They35) suggested that oxygen vacancies, which were formed by the 
substitution of La3+ with low valence cations increased the oxygen ion conductivity. 
Considering the order of C2 selectivity was the same with that of the oxygen ion 
conductivity, they inferred that the oxygen vacancies participated in the formation of 
electrophobic oxygen species35). 
As described above, the achievement of high C2 yield in the OCM is challenging 
theme due to the difficulty in suppressing sequential oxidation of products. Considering 
the reaction scheme and the active oxygen species, suppression of the gas phase 
oxidation and control of the active oxygen species on the catalyst surface are important 
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for the performance of OCM. 
 
1.5.  Objective of this thesis 
From the perspective of effective utilization of natural gas, the POM and OCM are 
important reactions. For high activity and selectivity in these catalytic processes, the 
control of oxidation is very important. In this thesis, I studied these selective methane 
oxidation reactions using various La-containing composite oxides. And, I clarified the 
effect of the La-containing composite oxides for the active center, and the reaction 
scheme of the POM or the OCM. 
In chapters 2 and 3, I applied the interaction between La-containing complex oxide 
support and supported metal (Ni, Pd, Pt) for the POM. Fig 1.5 indicates the concept of 
the interaction between La-containing complex oxide support and supported metal for 
the POM. We controlled the state of supported metals, and achieved high POM activity 
under oxidized atmosphere by applying the interaction. In the chapter 2, I investigated 
Ni/LaAlO3 catalyst for low temperature ignition of the POM, and clarified the effect of 
LaAlO3 support for Ni particles. Additionally, the effect of Pd addition on the 
Ni/LaAlO3 catalyst was investigated. In the chapter 3, we conducted POM over 
Pt/La1-xSrxAlO3- catalyst. We diagnosed how the interaction between Pt and 
La1-xSrxAlO3- support affected the state of Pt particles on the catalyst.  
Chapters 4 and 5 describe the performance of various La-containing composite 
oxide catalysts for the OCM reaction. Fig. 1.6 indicates the concept of controlling the 
active oxygen species on various La-containing complex oxide catalysts. In the chapter 
4, I investigated La-containing perovskite oxide catalysts for the OCM. I performed the 
OCM over Fe-La2O3 catalyst, which was composed of La2O3 and LaFeO3. I diagnosed 
the interaction of La2O3 and LaFeO3 of the Fe-La2O3 catalyst for the OCM activity. 
Moreover, I investigated LaInO3 catalyst for the OCM, and optimized the structure of 
the OCM catalyst. In the chapter 5, I performed low temperature ignition of the OCM 
by applying direct current (DC) into the catalyst. I investigated the mechanism of the 
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Fig. 1.5. Interaction between La-containing support and metal particle for partial 
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Low temperature ignition of partial oxidation of 
methane over Pd/Ni/LaAlO3 catalyst 
 
2.1. Introduction 
Partial oxidation of methane/hydrocarbons to produce syngas (H2 and CO) or 
hydrogen is an important and attractive reaction. Although steam reforming of 
methane/hydrocarbons is a well-known reaction for the purpose, the reforming reaction 
is highly endothermic, requiring huge external provision of heat. In contrast, partial 
oxidation of methane (POM) is a mild exothermic reaction that produces syngas directly, 
and the H2/CO ratio of produced gas is 2 (eq. 1). This ratio is suitable for the 
downstream conversion processes such as Fisher–Tropsch synthesis and methanol 
synthesis. 
CH4 + 1/2 O2 2 H2 + CO                ΔH
0 = –35.6 kJ mol-1          eq. 2-1 
To date, reaction routes of two kinds have been postulated for POM1): (a) direct 
partial oxidation route at high temperature (DPO or DCPOx: direct catalytic partial 
oxidation) and (b) indirect route with combustion and steam-reforming or dry-reforming 
(CRR: combustion and reforming reaction). In fact, DPO is a high space–velocity 
reaction at high temperatures of more than 1000 K. Well-known catalysts for the DPO 
are Rh catalysts like as Rh-CeO2/MgO
2), and Rh/Al2O3
3). Indirect POM (CRR) has been 
investigated widely over many metal catalysts such as Pt, Ir, and Ni4,5). These studies 
have been performed at high reaction temperatures (973–1073 K) because of the 
equilibrium limitation of endothermic steam reforming of methane. Decreasing reaction 
temperature is important to increase the energy efficiency for exothermal POM reaction, 
but POM at low reaction temperature has scarcely been investigated. Utaka5) and 
Choudhary6) accomplished low-temperature POM at 723–623 K on Ni-based catalysts 
using a temperature programmed reaction (TPR) with decreasing temperature. 
Generally TPR with decreasing temperature shows low-temperature activity because 
TPR is not a steady state reaction. Noble metals such as Pt, Ir, Ru, and Rh are known as 
highly active catalysts for POM7–9), but these metals are expensive. Therefore, 
non-expensive transition metal catalysts are favorable for this reaction. Actually, Ni 
shows high activity, but it is difficult to inhibit carbon deposition over Ni catalyst. To 
inhibit carbon deposition, Ni catalysts have been modified with various basic oxides. 
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Especially, La is widely used for its catalyst support10–16). Choudhary10) examined 
LaNiO3, and Hu
11) examined Ni/La2O3. They suggested that their catalysts were highly 
active and tolerable for carbon deposition under a high space–velocity condition. These 
results indicate that La2O3 has good properties to suppress carbon deposition on the 
catalyst. Although some other reports have also described low-temperature partial 
oxidation of methane with La-containing catalyst, the minimum temperature for POM 
(=ignition temperature of POM) was not lower than 773 K17–20). In this study, we 
investigated low-temperature partial oxidation of methane to syngas over Ni catalyst 
supported on La-containing oxide, which could work below 773 K and under a steady 
state condition (i.e. not temperature-decreasing reaction). To enhance the catalytic 
activity for POM at low temperature, we attempted two methods: one was application of 
modified La-containing oxide support; another was the additional impregnation of 




2.2.1. Preparation of catalyst 
For this study, we prepared various Ni catalysts supported on La-containing oxides. 
The La-contained oxides were prepared using a citric acid method21) as follows. 
Precursors La(NO3)3-6H2O and transition metal nitrates were dissolved into distillated 
water with subsequent addition of an aqueous solution of ethylene glycol and citric acid. 
After heating at 353 K in a water bath for 18 h, the solution was evaporated completely. 
Then, the obtained complex was calcined at 673 K for 2 h and at 1123 K for 10 h. In 
this investigation, -Al2O3 support was prepared by calcination of γ-Al2O3 
(JRC-ALO-8). γ-Al2O3 was calcined at 1573 K for 3 h using muffle furnace. Ni 
supported catalysts were prepared using an impregnation method with aqueous solution 
of Ni nitrate on the support. After evacuation with soaking in water for 2 h, the aqueous 
solution of Ni nitrate was added to the aqueous slurry of the support. This sample was 
evaporated completely and dried at 393 K for 18 h. Then it was calcined at 1073 K for 1 
h in air. Catalysts were subsequently crushed and pressed to obtain 
250–355-μm-diameter particles. The sequential impregnation of second metal was 
conducted using the method described above. 
 
2.2.2. Catalytic activity tests 
POM reaction was conducted at atmospheric pressure in a fixed-bed reactor. A 
quartz tube was used as a reactor; 80 mg of catalyst was charged in it with 350 mg of 
17 
 
SiC as a diluent to avoid the formation of hot spots. Pre-reduction was performed in a 
mixed stream of H2 10 mL min
-1 and Ar 100 mL min-1 at 1023 K for 0.5 h. Then 
reactant gases (CH4/O2/Ar =2/1/3, total flow rate 420 mL min
-1, W/F = 0.233 g h mol-1) 
were introduced into the reactor. At the reactor outlet, a cold trap was used to remove 
water from the effluent gas. Then the dried gas was analyzed using a gas 
chromatograph-FID with a Porapak Q packed column (for analyzing CH4, CO, CO2) 
and a gas chromatograph–TCD with a molecular sieve 5 A packed column (for 
analyzing H2, O2). Typically, > 97% of carbon mass balance was confirmed. The 
respective conversions of methane, oxygen, selectivity to product and hydrogen yield 
were defined by the following equations: 
                     eq. 2-2 
                               eq. 2-3 
              eq. 2-4 
                           eq. 2-5 
Reaction at a low W/F condition was conducted at 823 K for some catalysts to 
investigate the reaction path (i.e. what is the primary product?). Methane and oxygen 
partial pressure in reactant gases (CH4/O2/Ar =2/1/6, total flow rate 315 mL min
-1) was 
lower than the above activity test for POM reaction to examine “real” primary products. 
Other reaction conditions were the same as those used for the POM reaction described 
above. 
The CH4 pulse testing was conducted using a fixed-bed micro reactor connected 
with a gas chromatograph-TCD. These pulses were introduced from the upper injection 
port of the reactor; then the dosed gas was carried with Ar into a column through the 
reactor. Porapak Q was used for analyzing CH4. 
 
2.2.3 Characterization 
Crystalline structures of catalysts were characterized by X-ray diffraction (XRD) 
using an X-ray diffractometer (RINT-2000; Rigaku Corp.) operating at 40 kV and 20 
mA, CuKα radiation filtered by nickel. The specific surface area of the support was 
measured by N2 adsorption using the BET method (AUTOSORB-1; Quantachrome 
Instruments). Scanning transmission microscopy (STEM, HF-2210; Hitachi Ltd.) and 
energy dispersive X-ray spectroscopy (EDX, Genesis 4000; EDAX Inc.) was used for 
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observing the structure of supported metal. To estimate the amount of carbon deposition, 
temperature programmed oxidation (TPO) of the catalyst after the reaction was also 
conducted. Profiles of TPO were obtained in O2 and N2 flow (O2/N2=1/9, the total flow 
rate was 100 mL min-1) at a heating rate of 10 K min-1. No carbon deposition was 
observed for Ni/LaAlO3, Pd/Ni/LaAlO3, and Pd/LaAlO3 catalysts after the POM 
reaction. Temperature programmed reduction (TPR) and H2-TG were performed using 
TG apparatus (Thermo plus EVO; Rigaku Corp.). Before the TPR and H2-TG, sample 
was heated at 1073 K for 0.5 h in a muffle furnace. In the TPR, the sample was heated 
at a rate of 10 K min-1 from room temperature to 1023 K in (10%H2 + 90%N2) 100 mL 
min-1 atmosphere. At 1023 K, the cell temperature was retained for 30 min. In the 
H2-TG, the cell was heated at a 10 K min
-1 rate from room temperature up to 673 K in 
50 mL min-1 N2 flow. The cell temperature was retained at 673 K. After 10 min, 
atmosphere in the cell was changed from 50 mL min-1 N2 to H2 5 mL min
-1+N2 95 mL 
min-1. The H2 5 mL min
-1+N2 95 mL min
-1 flow was supplied into the cell for 30 min at 
673 K. 
 
2.3. Results and discussion 
 
2.3.1. POM activity on Ni/La2O3, Ni/-Al2O3, and Ni/LaAlO3 catalysts 
To date, nickel catalysts supported on La2O3 have been well known as good 
catalysts for POM10-16). First, we prepared a Ni catalyst supported on La2O3 for the basic 
evaluation of the catalytic activity for POM at various temperatures. Table 2.1 shows 
POM activity on 6.6 wt%Ni/La2O3. This Ni/La2O3 catalyst had high activity as a POM 
catalyst at high temperature, but it showed no activity below 723 K. At the low 
temperature of 723 K, Ni/La2O3 catalyst did not have total combustion activity: the 
initial step in the indirect route reaction. 
We attempted to achieve low temperature POM ignition by controlling the nature of 
catalyst support. La-containing perovskite oxide is well known for having CO or CH4 
oxidation ability22,23). We compared several Ni catalysts supported on La-containing 
perovskite oxides (LaBO3) such as LaAlO3, LaFeO3, LaCoO3, and LaMnO3 with Ni 
catalysts supported on La2O3 and -Al2O3. Among these catalysts, 6.6 wt%Ni/LaAlO3 
catalyst and 6.6 wt%Ni/-Al2O3 catalyst showed extremely high activity at 723 K with 
pre-reduction (activities of other Ni catalysts supported on LaFeO3, LaCoO3, and 
LaMnO3 are listed in Table 2.1). Especially, the pre-reduced 6.6 wt%Ni/LaAlO3 
catalyst showed 52.3% methane conversion and 100% oxygen conversion even at 673 K. 
At 673 K, 6.6 wt%Ni/-Al2O3 catalyst did not show any activity. 
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The equilibrium conversion of methane and product compositions was calculated 
based on the indirect route (CRR) assumption. Considering the methane conversion 
over 6.6 wt%Ni/LaAlO3 catalyst at 673 K, the value was higher than the 
thermodynamic equilibrium conversion at 673 K, as shown in Table 2.1. Regarding the 
equilibrium gas composition for the selectivity to CO/CO2 and H2 yield, the difference 
between the experimentally obtained results and calculated results was apparently 
accounted for by the temperature increasing about 150 –170 K in the catalyst bed 
derived from the inner heat by the total combustion of methane. According to other 
researches2,4,24), catalyst bed in POM has a temperature distribution. The temperature at 
the introduction part of the catalyst bed is higher than at end part of the catalyst bed, 
because CH4 combustion proceeds at introduction part of the catalyst bed and steam 
reforming proceeds at end part of the catalyst bed. Considering CRR thermodynamic 
equilibrium was dominated by steam reforming and water gas shift (CH4 combustion 
completely proceeds in the CRR equilibrium assumption), it was inferred that the 
temperature at end part of the catalyst bed was about 823–843 K, the temperature at 
introduction part of the catalyst bed was at least 823 K or higher. 
 
2.3.2. Role of LaAlO3 support in Ni/LaAlO3 catalyst 
As stated in 2.3.1, POM ignition at 673 K was observed only on 6.6 wt%Ni/LaAlO3 
catalyst with pre-reduction, while neither 6.6 wt%Ni/La2O3 catalyst nor 6.6 
wt%Ni/-Al2O3 catalyst had POM activity at 673 K. From this result, LaAlO3 support 
of 6.6 wt%Ni/LaAlO3 catalyst played an important role for POM ignition at 673 K. We 
characterized structures, and the physical/chemical properties of these catalysts to 
investigate the nature of catalysts. The BET specific surface area was measured using 
N2 adsorption for prepared catalysts. The calculated BET specific surface area is 
presented in Table 2.2. Catalysts of 6.6 wt%Ni/La2O3, 6.6 wt%Ni/-Al2O3, and 6.6 
wt%Ni/LaAlO3 had very low surface areas (less than 10 m
2 g-1). Slight difference was 
detected on these catalysts in this measurement. XRD measurement was also conducted 
for our catalysts to elucidate the crystalline structure of catalysts. Fig. 2.1 depicts XRD 
spectra for 6.6 wt%Ni/La2O3 catalyst, 6.6 wt%Ni/-Al2O3 catalyst, and 6.6 
wt%Ni/LaAlO3 catalyst for fresh and after pre-reduction. For all these catalysts, Ni 
species were reduced to Ni0 metal after pre-reduction at 1023 K. According to many 
POM studies1,4), metallic Ni0 particles were the active cite of POM. Furthermore, 6.6 
wt%Ni/LaAlO3 catalyst without pre-reduction did not show POM activity at 673 K. So, 
Ni0 particles also played an important role in these catalysts. 
In order to compare Ni species nature on these La2O3, -Al2O3, and LaAlO3 
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supports, particle diameter of Ni0 particle was measured using STEM-EDX after 
pre-reduction at 1023 K. Fig. 2.2 shows particle size distribution of Ni0 on these 
catalysts after pre-reduction at 1023 K. 6.6 wt%Ni/La2O3 and 6.6 wt%Ni/-Al2O3 
catalysts had smaller Ni0 particles (68.4 nm of mean volume diameter, 54.6 nm of mean 
area diameter on Ni/La2O3 and 76.1 nm of mean volume diameter, 59.3 nm of mean 
area diameter on Ni/-Al2O3) than 6.6 wt%Ni/LaAlO3 catalyst (107 nm of mean 
volume diameter, 78.6 nm of mean area diameter). Additionally, TPR was performed on 
6.6 wt%Ni/La2O3 catalyst, 6.6 wt%Ni/-Al2O3 catalyst, and 6.6 wt%Ni/LaAlO3 catalyst. 
In this case, weight loss for NiO→Ni was ca. 1.8 wt%. In order to clarify 
reduction-starting-temperature, DTG (differential value of TG by temperature) was 
obtained from TG profile of the TPR. Fig. 2.3 depicts TPR profile and DTG profile on 
these catalysts respectively. In the case of 6.6 wt%Ni/La2O3 catalyst, Ni
0 particle was 
generated by decomposition of NiO or LaNiO3 phase in 1023 K pre-reduction (see Fig. 
2.1). In the TPR, weight loss was observed from 400 K and shoulder was observed at ca. 
760 K on 6.6 wt%Ni/La2O3 catalyst. DTG on 6.6 wt%Ni/La2O3 also had peak at ca. 760 
K. It was surmised that the weight loss about 1 wt% in 400-760 K region was derived 
from the desorption of adsorbed water or decomposition of La hydroxide. We assigned 
the weight loss about 2 wt% from 760 K to 1023 K as Ni0 formation from NiO or 
LaNiO3. It was inferred that this Ni
0 particle generation mechanism contributed to high 
dispersion of Ni0 particles on La2O3 support. These Ni species on La2O3 strongly 
interacted with the support. The catalyst of 6.6 wt%Ni/-Al2O3 also had smaller Ni0 
particle than 6.6 wt%Ni/LaAlO3 catalyst and ca. 760 K reduction temperature of NiO. 
DTG on 6.6 wt%Ni/-Al2O3 catalyst also indicates reduction-starting-temperature of ca. 
760 K. We assigned the weight loss from 760 K as reduction of the NiO particle on 
Al2O3 support. According to other researches
30-35), Ni/α-Al2O3 or Ni/γ-Al2O3 has highly 
dispersed NiO, which interacts Al2O3 support. So, 6.6 wt%Ni/-Al2O3 catalyst also had 
highly dispersed Ni species, which interacts the support in our case. Compared with 6.6 
wt%Ni/La2O3 catalyst and 6.6 wt%Ni/-Al2O3 catalyst, 6.6 wt%Ni/LaAlO3 catalyst had 
the largest Ni0 particle diameter, and reduction-starting-temperature of 680 K from Figs. 
2.2 and 2.3. We surmised that in the case of 6.6 wt%Ni/La2O3 catalyst and 6.6 
wt%Ni/-Al2O3 catalyst, surface Ni species strongly interacted with these supports, but 
Ni species on LaAlO3 support weakly interacted with the support. Moreover, N. V. 
Parizotto et al.33) suggested that La addition onto Ni/γ-Al2O3 weakened the interaction 
between NiO and Al2O3 support. Therefore, this is due to the large Ni
0 diameter and low 
NiO reduction temperature on 6.6 wt%Ni/LaAlO3 catalyst. 
From these characterizations, it was inferred that Ni0 particles produced by the 
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pre-reduction at 1023 K of these catalysts was an active center of POM ignition at 673 
K. Moreover, high methane combustion activity of Ni species on these supports is 
required for POM ignition at 673 K. So, we compared the reactivity of Ni species 
reduced at 1023 K on La2O3, -Al2O3, and LaAlO3 supports for CH4. CH4 pulse testing 
was performed to elucidate reactivity of Ni species (Ni0 or NiO) on these supports at 
673 K. The procedure is shown in Fig. 2.4 patterns 1 and 2. In the case of pattern 1, the 
catalyst was reduced using the fixed bed reactor for activity test at the same condition as 
the pre-reduction (step 1). The 30 mg reduced sample was charged into a fixed-bed 
micro reactor connected with a TCD gas chromatograph (step 2). Then, 3 doses of 0.6 
mL H2 pulses were introduced to the reactor at 1023 K. By these reduction procedure 
(steps 1 and 3), the sample in the reactor was reduced at 1023 K condition with 
hydrogen. To investigate the reactivity of these reductive Ni species to CH4, 3 doses of 
0.1 mL CH4 pulses at 673 K were introduced into the catalyst bed (step 4 of pattern 1). 
Additionally, we investigated reactivity of NiO species by CH4 pulse pattern 2. In the 
case of pattern 2, the 30 mg fresh samples were charged into the fixed-bed micro reactor 
connected with a gas chromatograph-TCD (step 1). Three doses of 0.1 mL CH4 pulses 
at 673 K after 5 doses of 0.8 mL air pulses (steps 2 and 3 of pattern 2). The amount of 
O2 in the air pulses was excess for oxidation of all Ni species on these samples. Fig. 2.5 
depicts CH4 pulse responses on these catalysts in patterns 1 and 2, and Fig. 2.6 shows 
XRD patterns after pulse testing. In the case of pattern 1, H2 derived from CH4 
decomposition (CH4→C+2H2) was detected, and Ni
0 was observed in XRD patterns on 
all these samples as shown in Figs. 2.5 (a) (b) (c) and 2.6 (a) (d) (g). So, Ni species 
reduced at 1023 K had CH4 activation site at 673 K: Ni
0 site. It was inferred that these 
Ni0 species also assumed active site of steam reforming in the end-side of catalyst bed, 
because these Ni0 species had C-H dissociation activity. By contrast, any CH4 activation 
was not detected in pattern 2 on all these catalysts as shown in Fig. 2.5 (d) (e) (f). From 
Fig. 2.6 (b) (e) (h), Ni0 was not detected after step 3 in pattern 2 on all these catalysts. 
From these results, NiO species did not have CH4 activation ability at 673 K. To 
compare CH4 activation ability of reduced Ni species on these support, we calculated 
CH4 conversion and TON for the CH4 pulse testing in pattern 1 (see Table 2.3). To 
assume that H2 was derived from CH4 decomposition, CH4 conversion at each pulse 
was calculated by H2 formation amount. TON was obtained by dividing the amount of 
converted CH4 by surface Ni (not bulk Ni) on 30 mg catalyst. Surface Ni molar amount 
on 30 mg catalyst was obtained from the particle size distribution of Ni0 shown in Fig. 
2.2. From Table 2.3, 6.6 wt%Ni/LaAlO3 catalyst showed apparently high TONs. The 
low TON on 6.6 wt%Ni/La2O3 catalyst and 6.6 wt%Ni/-Al2O3 catalyst can be 
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explained by considering the interaction between Ni species and these supports. As 
stated above, Ni species on La2O3 or -Al2O3 had strong interaction with these supports. 
This means that NiO species, which was inactive for CH4 at 673 K, was remained after 
reduction at 1023 K. By contrast, remaining of NiO species on LaAlO3 support was 
suppressed because surface Ni species on this support weakly interacted with the 
support. In conclusion, Ni species reduced at 1023 K had CH4 activation ability at 673 
K on these catalysts. Reduced Ni species on LaAlO3 support exhibited the highest CH4 
activation ability among these three supports. The difference for CH4 activation of 
reduced Ni species was derived from the interaction between Ni species and supports. 
We supposed that POM ignition activity at 673 K was attributable to the CH4 activation 
ability of reduced Ni species. 
 
2.3.3. Effect of Pd addition for Ni/LaAlO3 catalyst 
As described in former sections, application of LaAlO3 as a catalyst support 
showed higher POM activity at low temperature. But this catalyst needed pre-reduction 
at 1023 K before POM reaction. Pre-reduction treatment cannot be conducted 
industrially because extra-energy and -step are required. Therefore, we attempted 
further modification of 6.6 wt%Ni/LaAlO3 catalyst by second-metal impregnation onto 
the catalyst to achieve low-temperature POM ignition without any pre-reduction. 
Previously, we attempted to modify 6.6 wt%Ni/La2O3 catalyst with 0.6 mol% Pd, Pt, Fe, 
Bi, Co, Mn, Cr, or Ag to promote oxidation activity by the addition of these metals on 
the catalyst. These elements are regarded as oxidation catalysts for several 
hydrocarbons25–29). Among these metals, the catalyst modified with Pd exhibited higher 
POM activity at 723 K without pre-reduction (see Fig. 2.7). We attempted this Pd 
modification onto 6.6 wt%Ni/LaAlO3 catalyst. After some experiments for the 
optimization of amount of impregnated Pd, we choose the amount of 0.25 wt% for the 
second impregnation of Pd onto 6.6 wt%Ni/LaAlO3 catalyst. Activities of 6.6 
wt%Ni/LaAlO3 and 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalysts at 673 K are shown in 
Table 2.1. From Table 2.1, 6.6 wt%Ni/LaAlO3 catalyst showed no activity without 
pre-reduction before POM. By contrast, 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst 
showed high activity at 673 K without pre-reduction. Figs. 2.10 (a) and 2.10 (b) 
compare POM activities over these two catalysts at 673 K, and non pre-reduced 0.25 
wt%Pd/6.6 wt%Ni/LaAlO3 catalyst exhibited almost identical activity/selectivity to 
pre-reduced 6.6 wt%Ni/LaAlO3 catalyst (53% of CH4 conversion, 100% of O2 
conversion, 60% of selectivity to CO, and 40% of selectivity to CO2). From these 
results, addition of a small amount of Pd showed a promotional effect for reduction of 
23 
 
Ni on the catalyst to activate POM ignition at the low temperature of 673 K. We were 
unable to observe catalytic activity below 673 K for these catalysts with or without 
pre-reduction. 
To clarify the role of Pd on the catalyst, we conducted a POM activity test on 0.25 
wt%Pd/LaAlO3 catalyst (no Ni supported on) at 673 K with no pre-reduction treatment. 
Fig. 2.8 (c) shows POM activity over 0.25 wt%Pd/LaAlO3 catalyst at 673 K with the 
time on stream. Pd-alone catalyst supported on LaAlO3 also showed stable POM 
activity at 673 K with no pre-reduction treatment, so 0.25 wt%Pd/LaAlO3 catalyst had 
activation ability of methane and oxygen at 673 K with no pre-reduction treatment. On 
the other hand, the H2/CO ratio over Pd/LaAlO3 catalyst was lower than 2 and the 
hydrogen yield was very low (see Table 2.1 and Fig. 2.8 (c)). We also performed XRD 
measurement for 0.25 wt%Pd/LaAlO3 catalyst fresh and after reaction at 673 K (see Fig. 
2.11 (f) and (g)), but any Pd species was not detected on both fresh and after reaction 
due to low impregnation amount of Pd. According to many reports for Pd catalysts25-28), 
Pd in an oxidizing atmosphere forms a Pd/PdO mixture phase, and PdO plays an 
important role for methane combustion. Therefore, it was inferred that Pd forms Pd/PdO 
mixture phase in the reaction, and that PdO enhanced the total combustion (initial step 
in the indirect route reaction) with no pre-reduction. 
Although 0.25 wt%Pd/LaAlO3 catalyst had activation ability of methane and 
oxygen, the effluent gas included poor amount of H2 shown in Table 2.1. This is 
explainable by considering H2 combustion activity over Pd species. The POM activity at 
low W/F (i.e. short contact time) tests with an additional feed of H2 were conducted 
over 0.25 wt%Pd/LaAlO3 at 823 K with no pre-reduction treatment for determining the 
reaction path and investigating the cause of hydrogen combustion. This reaction 
temperature (823 K) was higher than that used in the former catalytic activity tests (673 
K) because catalytic activity would not appear at 673 K under such a low W/F condition 
(i.e. very low catalyst loading). The H2 consumption behavior was examined with an 
additional feed of H2 on POM activity test. Fig. 2.10 presents results for these low W/F 
POM activity tests over 0.25 wt%Pd/LaAlO3: (a) POM activity at low W/F without an 
additional feed of H2, (b) POM activity at low W/F with 10 mL min
-1 H2, and (c) POM 
activity at low W/F with 20 mL min-1 H2. In Fig. 2.10 (a), the CH4 conversion and CO 
selectivity increased, presenting a convex upward curve until 100% O2 conversion. 
Furthermore, significant uptake of H2 formation rate was observed near 100% O2 
conversion. Below the 100% O2 conversion region (W/F=0.014–0.057 g h mol
-1), 
methane combustion and steam reforming proceeded simultaneously and hydrogen 
produced by steam reforming of methane was consumed through extremely rapid H2 
24 
 
combustion. This H2 combustion behavior was confirmed by the results presented in 
Figs. 2.10 (b) and 2.10 (c). Almost all additional H2 (10 or 20 mL min
-1) was consumed 
in the low W/F region, which indicates that fast H2 combustion proceeded below 100% 
O2 conversion. Furthermore, the hydrogen formation rate increased significantly after 
O2 conversion reached 100% because hydrogen combustion was suppressed as a result 
of the total consumption of gas phase oxygen. At 100% O2 conversion, the CH4 
conversion, CO, and the H2 formation rate increased moderately along with the increase 
of W/F. This moderate increase corresponded to the steam reforming of methane. 
Although 0.25 wt%Pd/LaAlO3 catalyst produced H2-poor gas, 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalsyt showed almost identical POM activity to that of 6.6 
wt%Ni/LaAlO3 shown in Table 2.1. To investigate the effect of H2 combustion over 
0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst, catalytic activity tests were conducted at 
various W/F conditions at the higher temperature of 823 K. Fig. 2.10 portrays POM 
activities at low W/F over three catalysts. The H2/CO ratio over 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst was lower than that over 6.6 wt%Ni/LaAlO3 catalyst in the low 
W/F region (W/F=0.014, and 0.029 g h mol-1) by H2 combustion. The POM activity and 
H2/CO ratio over 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst limped toward to that of 6.6 
wt%Ni/LaAlO3 catalyst with increasing W/F. This accordance of H2/CO ratio was 
derived from suppression of H2 combustion over Pd species with increasing O2 
conversion. 
 
2.3.4. Mechanism of POM ignition over Pd/Ni/LaAlO3 catalyst 
The Pd species on the catalyst played an important role for NiO reduction at the 
initial step of POM. In this section, we examine the mechanism of ignition of POM over 
0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. We investigated chemical and physical 
structures of 6.6 wt%Ni/LaAlO3 and 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 by BET surface 
areas, XRD, and STEM/EDX. BET surface areas of with or without Pd modified 
catalysts are listed in Table 2.2. From Table 2.2, Pd modification did not increase BET 
surface area. Fig. 2.11 depicts XRD patterns for 6.6 wt%Ni/LaAlO3 catalyst and 0.25 
wt%Pd/6.6 wt%Ni/LaAlO3 catalyst fresh, after the reaction at 673 K. From Fig. 2.11, 
the surface nickel state was NiO for fresh 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. This 
NiO was reduced to metallic Ni0 after the reaction, in spite of the oxidative atmosphere. 
As stated in section 2.3.2, metallic Ni0 particles were the active center of POM. The 
perovskite phase of LaAlO3 was stable during the reaction, and neither an additional 
peak nor any peak shift derived from the distortion of the structure was detected. For 
XRD patterns of 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst fresh and after the 673 K 
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reaction (not pre-reduced before the reaction), no Pd peak was detected because the 
amount of Pd was sufficiently small. No difference was found for the XRD results 
before and after the POM between 6.6 wt%Ni/LaAlO3 and 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalysts. The catalyst surface structure was characterized by STEM for 
6.6 wt%Ni/LaAlO3 catalyst and 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. The results 
are presented in Fig. 2.12. In STEM images, particles of about 20–30 nm were observed 
on 6.6 wt%Ni/LaAlO3 catalyst as made. To identify these particles, EDX measurements 
were performed for 6.6 wt%Ni/LaAlO3 catalyst, as depicted in Fig. 2.13. EDX 
measuring spots are labeled in Fig. 2.12. Small particles were observed for these two 
catalysts of 6.6 wt%Ni/LaAlO3 catalyst and 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. 
The particle size was about 20 nm. For 6.6 wt%Ni/LaAlO3 catalyst, comparison of EDX 
spot A, which was on the 20–30 nm particles, with EDX spot B, which was not on the 
particle, EDX spot A showed a larger Ni peak than EDX spot B. Consequently, these 
particles were identified as supported Ni. Furthermore, for 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst, supported particles were identified as NiO by comparison of 
EDX spot C with EDX spot D. No particle identified as a Pd species was detected using 
STEM-EDX measurements. Therefore, we infer that the supported Pd dispersed on the 
catalyst surface. For these reasons, the impregnation of Pd might not change the 
Ni/LaAlO3 catalyst characteristics, so the structural change of Ni/LaAlO3 catalyst was 
unrelated to the ignition activity of POM. 
We prepared a physical-mixed catalyst of Ni/LaAlO3 and Pd/LaAlO3 to verify what 
plays an important role for the ignition of POM between Ni species and Pd species on 
the catalyst. A physical-mixed catalyst of Ni/LaAlO3 and Pd/LaAlO3 was prepared from 
Ni/LaAlO3 and Pd/LaAlO3 using an agate mortar. The amount of loading Ni and Pd on 
the mixed catalyst was the same to 0.25 wt%Pd/6.6 wt%Ni/LaAlO3. Table 2.1 compares 
the POM activity on 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst and a physical-mixed 
catalyst of Ni/LaAlO3 and Pd/LaAlO3. Both of these catalysts were used without 
pre-reduction. The physical-mixed catalyst showed a very close value for the POM 
activity at 673 K to 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. Therefore, close-contact 
or alloying between Ni particles and Pd particles on the catalyst are not important for 
low-temperature POM-ignition. To have catalytic activity for POM, Ni particles should 
be reduced as described above. Therefore, on the physical-mixed catalyst, Ni particles 
were reduced from these experimentally obtained results. 
According to many researchers30-35), noble metals such as Pt, Rh promoted NiO 
reduction into Ni on Ni–supported catalysts. Li et al.32) proposed that Pt modification 
lowered NiO reduction temperature in TPR on Pt modified Ni/γ-Al2O3 catalyst. They 
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suggested that noble metals promoted reduction of Ni2+ by dissociation of H2 or CH4 
followed by the spillover of atomic H to NiO or NiAl2O4. However, the POM ignition 
on the physical-mixed catalyst of Ni/LaAlO3 and Pd/LaAlO3 could not be explained by 
the spillover mechanism, because relation of Pd species and Ni species were neither 
close-contact nor alloy on the catalyst at POM ignition. Before CH4 and O2 supply, the 
physical-mixed catalyst was in Ar atmosphere at 673 K, so Pd species and Ni species 
could not migrate beyond each LaAlO3 support. In our case, 6.6 wt%Ni/LaAlO3 catalyst 
and 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst showed different features with 6.6 
wt%Ni/-Al2O3 catalyst in TPR profile. Fig. 2.3 portrays TPR profiles on 6.6 
wt%Ni/-Al2O3 catalyst, 6.6 wt%Ni/LaAlO3 catalyst, and 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst. The TPR was performed at the same condition as section 2.3.2. 
And Fig. 2.4 also shows DTG on these catalysts. In Fig. 2.3, NiO reduction temperature 
on LaAlO3 support was about 680 K, while NiO reduction temperature on-Al2O3 
support was about 760 K. This is because NiO on -Al2O3 had strong interaction as 
stated above. Although TG profile of 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst more 
sharply decreased than that of 6.6 wt%Ni/LaAlO3 catalyst, these two catalysts showed 
the same reduction-starting-temperature (These catalysts had DTG peak at the same 
temperature; about 680 K in Fig. 2.4). These results indicated that Pd modification did 
not contribute to decrease of the reduction-starting-temperature on 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst. Therefore, we supposed that the spillover of H was not 
necessary for NiO reduction and POM ignition at 673 K on 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst without pre-reduction. 
From these investigations, we presume that NiO on LaAlO3 support was reduced by 
gas phase H2 or CH4 at POM initial step. As described in 2.3.1, CH4 combustion raised 
the catalyst bed temperature from 673 K to at least 823 K. On 0.25 wt%Pd/6.6 
wt%Ni/LaAlO3 catalyst, Pd species assumed CH4 combustion in POM initial step as 
stated in 2.3.3. So, we diagnosed CH4 activation activity over Pd species and reduction 
ability of H2 or CH4 for NiO at 673 K or 823 K. At first, we diagnosed CH4 activation 
ability over oxidized Pd species on La2O3, -Al2O3 and LaAlO3 supports by CH4 pulse 
testing. Procedure of the CH4 pulse testing is exhibited in Fig. 2.4 pattern 3. Fig. 2.14 
portrays CH4 pulse responses over 0.25 wt%Pd/La2O3, 0.25 wt%Pd/-Al2O3, and 0.25 
wt%Pd/LaAlO3. CH4 conversion was obtained from amount of converted CH4 at each 
pulse. From Fig. 2.14, Pd species on LaAlO3 support exhibited the highest CH4 
activation ability. This active Pd species plays an important role for CH4 combustion at 
673 K on 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst without any pre-reduction. In fact, 
the high CH4 combustion activity of Pd species on LaAlO3 contributed to temperature 
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rising of catalyst bed on 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalyst. Next, we elucidated 
reduction ability of H2 or CH4 for NiO at 673 K or 823 K. We conducted H2-TG for 6.6 
wt%Ni/LaAlO3 catalyst and LaAlO3 support (not Ni supported) in order to investigate 
reduction ability of H2 for NiO on LaAlO3 (H2-TG procedure is explained in 2.2.3). Fig. 
2.15 exhibits H2-TG profile in H2/N2 flow at 673 K. While LaAlO3 did not show any 
TG decrease, 6.6 wt%Ni/LaAlO3 catalyst had TG decrease in H2/N2 flow at 673 K. This 
result indicates that NiO on LaAlO3 is possibly reduced by H2 at 673 K condition. 
Additionally, to confirm reduction ability of CH4 for NiO on LaAlO3 support, we 
compared CH4 pulse responses over 30 mg 6.6 wt%Ni/LaAlO3 at 673 and 823 K. Pulse 
testing at 823 K was performed as shown in Fig. 2.4 pattern 3. CH4 pulse responses at 
823 K are depicted in Fig. 2.16. XRD after pulse testing was portrayed in Fig. 2.6. As 
described in 2.3.2, no CH4 conversion was observed in the three CH4 pulses at 673 K 
(see Fig. 2.5 (b) (e) (f)), and surface Ni species on the catalyst maintained NiO state (see 
Fig. 2.6 (b) (e) (h)). By contrast, apparent CH4 conversion and H2, CO, and CO2 
formation were observed in the pulse test at 823 K, except 6.6 wt%Ni/La2O3 catalyst 
(see Fig. 2.16). The dosed CH4 reduced surface NiO to Ni
0 on -Al2O3 or LaAlO3 at 
823 K (see Fig. 2.6 (f) (i)). At 823 K, CH4 has sufficient reduction capability for NiO 
reduction on LaAlO3. From these diagnoses about reduction ability of H2 or CH4, we 
suggest gas phase H2 or CH4 participate reduction of NiO on LaAlO3 at POM initial 
step. At the initiation step of POM on 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 catalsyt with no 
pre-reduction treatment, the catalyst bed temperature was raised from 673 K to at least 
about 823 K by the reaction heat supplied by exothermic reactions on Pd species. The 
high CH4 activation ability of Pd species on LaAlO3 contributed to the CH4 combustion; 
exothermic reaction. In this step, gas phase CH4 or H2 could reduce NiO to Ni
0 on 
LaAlO3, and the reduced Ni promoted indirect POx. 
 
2.4. Conclusion 
In this investigation, we found that Ni/LaAlO3 catalyst exhibited POM activity at 
673 K with pre-reduction at 1023 K. Differ from Ni/La2O3 and Ni/-Al2O3 catalysts, Ni 
species on the LaAlO3 support was highly reduced after the pre-reduction. This reduced 
Ni species on the LaAlO3 support contributed to the POM ignition at 673 K. 
Additionally, Pd addition on to the Ni/LaAlO3 catalyst could omit the pre-reduction for 
POM ignition at 673 K. Pd species on the LaAlO3 support assumed CH4 combustion at 
673 K without any pre-reduction treatment. On the Pd/Ni/LaAlO3 catalyst, NiO on the 
support could be reduced by H2 or CH4. Then, reduced Ni species also participated in 
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Fig. 2.1. XRD patterns of 6.6 wt% Ni/La2O3 (a) fresh, (b) after pre reduction, 6.6 wt% 
Ni/-Al2O3 (c) fresh , (d) after pre reduction, and 6.6 wt% Ni/LaAlO3 (e) fresh, (f) after 
pre-reduction.  
Pre reduction was carried out before the reaction: H2/Ar = 1:10, total flow rate = 110 

















































Mean volume diameter 68.4 nm
Mean area diameter 54.6 nm
Modal diameter 17.0 nm
Median size 19.6 nm
Mean volume diameter 76.1 nm
Mean area diameter 59.3 nm
Modal diameter 11.0 nm
Median size 19.2 nm
Mean volume diameter 107 nm
Mean area diameter 78.6 nm
Modal diameter 18.0 nm








Fig. 2.2. Particle size distribution of Ni0 measured by STEM-EDX on 6.6 wt% Ni/La2O3, 
6.6 wt% Ni/a-Al2O3, and 6.6 wt% Ni/LaAlO3 catalysts after pre-reduction.  
Pre-reduction was carried out before the reaction: H2/Ar = 1:10, total flow rate = 110 






























Fig. 2.3. TG and DTG profile in TPR from 400 K to 1023 K over 6.6 wt% Ni/La2O3, 6.6 
wt% Ni/-Al2O3, 6.6 wt% Ni/LaAlO3, and 0.25 wt% Pd/6.6 wt% 
Ni/LaAlO3.Atmosphere in measurement cell was 10%H2+90%N2 100 mL min
-1. The 
cell was heated at a 10 K min-1 rate from room temperature up to 1023 K. The cell 












Catalyst was charged into a fixed bed micro reactor 
connected with GC.
5 doses of 0.8 mL Air 
pulses were introduced 
into the sample at 823 K.
3 doses of 0.1 mL CH4
pulses were introduced 
into the sample at 823 K.
5 doses of 0.8 mL Air 
pulses were introduced 
into the sample at 673 K.
3 doses of 0.1 mL CH4
pulses were introduced 
into the sample at 673 K.
Catalyst was reduced using 
a fixed bed reactor 
H2 10 mL min
-1, Ar 100 mL
min-1 at 1023 K for 0.5 h
Catalyst was charged into a 
fixed bed micro reactor 
connected with GC.
3 doses of 0.6 mL H2 pulses 
were introduced into the 
sample at 1023 K.
3 doses of 0.1 mL CH4
pulses were introduced 
into the sample at 673 K.










5 doses of 0.8 mL Air 
pulses were introduced 
into the sample at 673 K.
3 doses of 0.025 mL CH4
pulses were introduced 
































(a) Ni/La2O3 pattern 1 step 4 (b) Ni/-Al2O3 pattern 1 step 4 (c) Ni/LaAlO3 pattern 1 step 4











Fig. 2.5. CH4 pulse responses. (a) 6.6 wt% Ni/La2O3 step 4 in pattern 1, (b) 6.6 wt% 
Ni/-Al2O3 step 4 in pattern 1, (c) 6.6 wt% Ni/LaAlO3 step 4 in pattern 1 , (d) 6.6 wt% 
Ni/La2O3 step 3 in pattern 2, (e) 6.6 wt% Ni/-Al2O3 step 3 in pattern 2, (f) 6.6 wt% 
Ni/LaAlO3 step 3 in pattern 2.  
Reaction conditions: reactor temperature 673 K, 100% CH4 pulse 0.1 mL three times, 












































































Fig. 2.6. XRD patterns of samples after pulse testing. 6.6 wt% Ni/La2O3 (a) after step 4 
in pattern 1, (b) after step 3 in pattern 2, (c) after step 3 in pattern 4, 6.6 wt% 
Ni/-Al2O3 (d) after step 4 in pattern 1, (d) after step 3 in pattern 2, (f) after step 3 in 
pattern 4, 6.6 wt% Ni/LaAlO3 (g) after step 4 in pattern 1, (h) after step 3 in pattern 2, 










































Fig. 2.7. CH4 conversion, O2 conversion and CO selectivity on 6.6 wt%Ni/La2O3 
catalyst modified with 0.6 mol% of second impregnated metal for partial oxidation of 
methane.  
Reaction conditions: CH4/O2/Ar = 2:1:3, total flow rate = 420 mL min
-1, W/F = 0.233 g 
h mol-1, 723 K.  
Pre-reduction (except Pd-catalyst): H2/Ar = 1:10, total flow rate = 110 mL min
































Fig. 2.8. CH4 conversion, O2 conversion, CO selectivity, and CO2 selectivity over 6.6 
wt%Ni/LaAlO3, 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 and 0.25 wt%Pd/LaAlO3 for partial 
oxidation of methane with time on stream at 673 K: (a) 6.6 wt%Ni/LaAlO3 with 
pre-reduction, (b) 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 without pre-reduction, (c) 0.25 
wt%Pd/LaAlO3 without pre-reduction. Symbols are the following: triangle, CH4 
conversion; circle, O2 conversion; diamond, CO selectivity; open circle, H2 yield. 
Reaction conditions: CH4/O2/Ar = 2:1:3, total flow rate = 420 mL min
-1, W/F = 0.233 g 
h mol-1. Pre-reduction: H2/Ar = 1:10, total flow rate = 110 mL min
-1, 0.5 h, 1023 K.  
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Fig. 2.9. CH4 conversion, O2 conversion, CO selectivity, CO2 selectivity, and H2 
formation rate on 0.25 wt%Pd/LaAlO3 at low W/F conditions. Symbols are the 
following: triangles, CH4 conversion; circles, O2 conversion; diamonds, CO selectivity; 
open circles, H2/CO ratio. Reaction conditions: CH4/O2/H2/Ar = 70 : 35 : 0–20 : 
210–190, total flow rate = 315 mL min-1, 823 K. Pre-reduction was not conducted 















































































































































































(a) POM over Pd/LaAlO3
without additional H2
(b) POM over Pd/LaAlO3
with 10 mL min
-1
H2
(c) POM over Pd/LaAlO3
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Fig. 2.10. CH4 conversion, O2 conversion, CO selectivity, CO2 selectivity, and H2/CO 
ratio over 6.6 wt%Ni/LaAlO3, 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 and 0.25 
wt%Pd/LaAlO3 catalysts at low W/F conditions. Symbols are the following: triangle, 
CH4 conversion; circle, O2 conversion; diamond, CO selectivity; open circle, H2/CO 
ratio. Reaction conditions: CH4/O2/Ar = 2:1:6, total flow rate = 315 mL min
-1, 823 K, 
W/F = 0.0146, 0.0292, 0.116, and 0.233 g h mol-1. Pre-reduction: H2/Ar = 1:10, total 





































after reaction at 723 K
(c) Ni/LaAlO3
after reaction at 673 K
(d) Pd/Ni/LaAlO3 fresh
(e) Pd/Ni/LaAlO3
after reaction at 673 K
(f) Pd/LaAlO3 fresh
(g) Pd/LaAlO3







Fig. 2.11. XRD patterns for 6.6 wt%Ni/LaAlO3 (a) fresh, (b) after reaction at 723 K, and 
(c) after reaction at 673 K. Those for 0.25 wt%Pd/6.6 wt%Ni/LaAlO3 (d) fresh and (e) 
after reaction at 673 K. Those for 0.25 wt%Pd/LaAlO3 (f) fresh and (g) after reaction at 
673 K. Reaction conditions: CH4/O2/Ar = 2:1:3, total flow rate = 420 mL min
-1, W/F = 
0.233 g h mol-1. Pre-reduction was conducted before the reaction only for 6.6 
wt%Ni/LaAlO3 with H2/Ar = 1:10, total flow rate = 110 mL min
































Fig. 2.12. STEM images for LaAlO3, 6.6 wt%Ni/LaAlO3, 0.25 wt%Pd/LaAlO3, and 
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Fig. 2.13. EDX patterns for LaAlO3, 6.6 wt%Ni/LaAlO3, 0.25 wt%Pd/LaAlO3 and 0.25 
































































































































































(a) Pd/La2O3 pattern 3 step 3
(b) Pd/-Al2O3 pattern 3 step 3
(c) Pd/LaAlO3 pattern 3 step 3
CH4 conversion 19.2% 8.0% 8.1%
CH4 conversion 2.9% 0.0% 0.0%









Fig. 2.14. CH4 pulse responses (a) 0.25 wt% Pd/La2O3 step 3 in pattern 3, (b) 0.25 wt% 
Pd/-Al2O3 step 3 in pattern 3, (c) 0.25 wt% Pd/LaAlO3 step 3 in pattern 3. CH4 
conversion was obtained from amount of converted CH4. 
Reaction conditions: reactor temperature 673 K, 100% CH4 pulse 0.0.25 mL three times, 
























Fig. 2.15. TG profile in H2-TG at 673 K over LaAlO3, and 6.6 wt% Ni/LaAlO3. 
The cell was heated at a 10 K min-1 rate from room temperature up to 673 K in 50 mL 
min-1 N2 flow. The cell temperature was retained at 673 K. After 10 min N2 flow, 
atmosphere in the cell was changed from N2 50 mL min
-1 into H2 5 mL min
-1+N2 95 mL 











(a) Ni/La2O3 pattern 2 step 3
(b) Ni/-Al2O3 pattern 2 step 3
(c) Ni/LaAlO3 pattern 2 step 3
CH4 conversion 0.0% 0.0% 0.0%
CH4 conversion 36.9% 45.4% 37.3%








Fig. 2.16. CH4 pulse responses. (a) 6.6 wt% Ni/La2O3 step 3 in pattern 4, (b) 6.6 wt% 
Ni/-Al2O3 step 3 in pattern 4, (c) 6.6 wt% Ni/LaAlO3 step 3 in pattern 4.  
CH4 conversion was obtained from amount of converted CH4.  
Reaction conditions: reactor temperature 823 K, 100% CH4 pulse 0.1 mL three times, 















selectivity / % 
CO2 
selectivity / % 
H2 yield 
/ % 
6.6 wt% Ni/La2O3* 773 40.7 100.0  50.0  49.2 22.4  
6.6 wt% Ni/La2O3* 723 0.0  0.0  - - 0.0  
6.6 wt% Ni/LaCoO3* 723 20.5 83.3 0.6 99.4 0.2 
6.6 wt% Ni/LaFeO3* 723 3.2 5.3 22.8 77.2 0.0  
6.6 wt% Ni/LaMnO3* 723 0.6 1.9 - - 0.0  
LaNiO3 773 38.9 100.0  45.6 54.3 19.5  
LaNiO3 723 1.5 6.1 15.1 85.9 0.0  
6.6 wt% Ni/α-Al2O3* 723 60.0  100.0  66.2 33.8 51.6 
6.6 wt% Ni/α-Al2O3* 673 1.2  2.7  46.2 53.8 0.0  
6.6 wt% Ni/LaAlO3* 723 57.3  100.0  65.1 34.9 46.6  
6.6 wt% Ni/LaAlO3* 673 52.3  100.0  56.9 43.1 40.1  
6.6 wt% Ni/LaAlO3 673 0.0  0.0  - - 0.0  
6.6 wt% Ni/LaAlO3* 623 0.0  1.3  - - 0.0  
0.25 wt% Pd/6.6 wt% Ni/LaAlO3 673 49.9  100.0  53.1 46.9 37.1  
0.25 wt% Pd/LaAlO3 673 43.4  100.0  64.3 35.7 23.7  
Pd/LaAlO3+Ni/LaAlO3 physical-mixed catalyst 673 50.7  100.0  54.5 45.5 37.3  
Equilibrium 
843 54.5  100.0  56.0  44 40.6  
823 50.6  100.0  47.7 52.3 38.6  
798 45.9  100.0  36.3 63.7 33.3  





















Table 2.2. Specific surface areas of various catalysts. 
 
 
Catalyst BET Specific Surface Area / m2 g-1 
6.6 wt%Ni/La2O3 4.6 
6.6 wt%Ni/-Al2O3 6.0  
6.6 wt%Ni/LaAlO3 7.3 
0.25 wt%Pd/6.6 wt%Ni/LaAlO3 5.8 








Table 2.3. CH4 conversion, surface Ni molar amount, and TON for CH4 pulse pattern 1 









TON / - 
    
Ni/La2O3 
1st pulse 4.2  0.618  0.28  
2nd pulse 4.1  0.618  0.27  
3rd pulse 4.0  0.618  0.26  
Ni/-Al2O3 
1st pulse 4.3  0.569  0.31  
2nd pulse 4.2  0.569  0.30  
3rd pulse 4.2  0.569  0.31  
Ni/LaAlO3 
1st pulse 8.8  0.429  0.84  
2nd pulse 7.6  0.429  0.73  












Highly- and stably-dispersed Pt or Pd catalysts 
supported on La1-xSrxAlO3-0.5x perovskite for methane 
activation and their structure 
 
3.1. Introduction 
Platinum and palladium are utilized as active metals of catalysts for NO 
reduction1,2) CO and hydrocarbon oxidation,3-5) hydrogen production6-8) and 
methanation.5,9) These precious metals should be used effectively with high dispersion 
due to its high cost. In order to maintain metal particles smaller and gain large metallic 
surface area, these precious metals are supported on various oxides which are stable at 
high temperature. However, platinum and palladium are known to be agglomerated at 
high temperature in an oxidative atmosphere due to the Ostwald-ripening.10-12) So an 
adequate support is required to keep smaller metal particle size and larger surface area 
in the oxidative atmosphere. 
An effective way to suppress the agglomeration/migration of platinum and/or other 
precious metals is an application of CeO2 as an additive or a support of catalyst. An 
example for the solution is in the three-way catalyst (TWC) including Pt, Pd and Rh for 
cleaning exhaust gas. This catalyst is exposed to high temperature like 1073 K. The 
catalyst tends to deactivate by sintering of these metals without such modification with 
CeO2. Not only that CeO2 was added to the TWC to enhance activity with oxygen 
storage capacity13-15) also CeO2 had an effect to inhibit the sintering of Pt at high 
temperature in the oxidative atmosphere16-21). Nagai et al.19) reported that Pt dispersion 
increases with O(1s) binding energy of support oxides derived from XPS. Highly 
dispersed Pt/CeO2 was investigated by EXAFS and the results showed the existence of 
Pt-O-Ce bond. Pt-CeO2 is a well-known combination to inhibit the growth of platinum 
particle due to the strong interaction between Pt and CeO2. On the other hand, Pt/CeO2 
catalyst shows less activity on steam reforming of methane and partial oxidation of 
methane for hydrogen/syngas production. 
We have found that Ni or other metal catalysts supported on perovskite oxides 
show high and stable activity for steam reforming of methane22). During investigations 
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of activity of Pt and Pd catalyst supported on perovskite oxides for methane activation, 
we found that the structure of metal catalyst supported on perovskite was stable in 
oxidative atmosphere. The combination of Pt/Pd and perovskite oxide showed robust 
and regenerative catalytic activity for hydrogen/syngas production. In this paper, we 
investigated following three reactions for the evaluation of catalytic activities; 
Steam reforming of methane 
CH4 + 2H2O  CO2 + 4H2                                                                 eq. 3-1 
Oxidative steam reforming of methane  
CH4 + xH2O + (1-0.5x)O2  CO2 + (2+x)H2                                            eq. 3-2 
Partial oxidation of methane  
CH4 + O2  CO + 2H2                                                                     eq. 3-3 
 
3.2. Experimental 
Perovskite type oxides, La1-xSrxAlO3-0.5x (x = 0, 0,1, 0.2 and 0.3) were prepared by a 
citric acid complex method. Lanthanum, strontium and aluminum nitrate precursors 
(Kanto Chem.) were dissolved in water, and citric acid and ethylene glycol (Kanto 
Chem.) were added to the solution. They were dried up, pre-calcined at 673 K for 2 h 
and calcined at 1123 K for 10 h. Catalyst support of -Al2O3 as a control was obtained 
by high-temperature calcination of -Al2O3 (JRC-ALO-1) at 1523 K. Perovskites or 
-Al2O3 were impregnated with acetone solution of Pt(C5H7O2)2 (Soekawa Chem) or 
Pd(OCOCH3)2 (Kanto Chem), dried up and calcined in air at following aging 
temperature to obtain metal-supported catalyst. Each amount of supported metal was 1 
wt%. 
Aging treatments of catalysts were carried out in air or inert gas (He or N2) flow. 
Catalysts prepared as above method were calcined in air at 773, 973 or 1123 K for 3 h. 
Catalysts calcined at 773 K were subsequently exposed in He or N2 flow at 773, 973 or 
1123 K for 15 min. 
BET specific surface areas of support-oxides were determined by N2 physisorption 
(Autosorb-1, Quantachrome Corp). Samples were evacuated at 573 K for 3 h and N2 
was adsorbed at 77 K. 
Dispersion of supported metal was determined by CO chemisorption (BELCAT-55, 
BEL Japan Inc). All samples were reduced in hydrogen at 573 K for 1 h and cooled to 
323 K in helium flow. Then 2 or 10 % CO/He pulse was dosed into helium flow. 
Amount of desorbed CO was detected by a TCD detector. The stoichiometric factor of 
CO/Pt and CO/Pd was assumed to be 1.0 on the calculation of the metal dispersion. 
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Structure of catalysts and the size of supported platinum particles were observed by 
TEM (JEM-1011, JEOL Corp). Fine structure of the metal particle was observed by 
in-situ XPS and ex-situ EXAFS of Pt LШ-edge for Pt/La0.7Sr0.3AlO2.85 and Pt/-Al2O3 
catalysts at BL14B2 station of SPring-8 in Japan. Analytical conditions for in-situ XPS 
are as follows; X-ray spot size=400 μm, dwell time=50 msec. (wide) and 200 msec. 
(narrow) respectively, 5-20 scans, step size=0.1 eV. For ex-situ EXAFS, samples are 
prepared in each operation condition, and after that the sample was packed in a 
transparent film in nitrogen atmosphere to avoid the oxidation by air. Crystalline 
Si(111) was used to obtain monochromatic X-ray beam. Measurements were performed 
at room temperature using a fluorescence-method. Catalysts as made, after reduction 
treatment, and after oxidation treatment were used in measurements, respectively. 
Reduction treatment was conducted in H2/Ar = 10/100 mL min
-1 flow at 973 K for 1h in 
a fixed-bed quartz reactor at atmospheric pressure. Oxidation treatment was performed 
in O2/Ar = 20/80 mL min
-1 flow at 973 K for 2h after the reduction treatment. For the 
analyses of EXAFS spectra, REX2000 software (Rigaku Co.) was used. Fourier 
transformation of k3-weighted EXAFS spectra was obtained in the k range of 3–12 Å-1. 
Then, the spectra after Fourier transformation were fitted with standard samples: Pt foil 
for Pt-Pt bond and Na2Pt(OH)6 for Pt-O bond. 
Catalytic activities for methane steam reforming, oxidative methane steam reforming 
and partial oxidation of methane were evaluated in a fixed-bed quartz reactor at 
atmospheric pressure. Catalysts were sieved in 212-350 μm, diluted with silica sand to 
avoid heat-transfer problem and charged in the fixed bed. The reaction temperature was 
973 or 1073 K for methane steam reforming, 1023 K for oxidative methane steam 
reforming and partial oxidation of methane. Feed gas composition/flow rate was 
CH4/H2O/Ar/He = 50/100/20/330 mL min
-1 (NTP) for steam reforming. Other 
conditions are summarized in each figure/table. Water was vaporized in a flask and 
carried with helium flow. Argon was added as an internal standard gas for detection 
with a Q-mass (HPR20, HIDEN Corp.) to determine the flow rate of products. Analysis 
referent of Q-mass was following; m/e = 2 (H2), 4 (He), 15 (CH4), 18 (H2O), 28 (CO), 
40 (Ar) and 44 (CO2). Production rates of CO, CO2 and CH4 in the outlet gas were also 
analyzed by a GC-FID, and H2/O2 were analyzed by a GC-TCD. Calculated methane 
conversion from the above two methods were confirmed, and we could observe 
equivalent values for these two methods. Carbon balances were almost 100% for all 




                    eq. 3-4 
                               eq. 3-5 
              eq. 3-6 
                              
where, n=4 for steam reforming, n=2 for oxidative reactions                 eq. 3-7 
 
3.3. Results and discussion 
 
3.3.1. Characterization of catalysts 
To considering the role of catalyst support, we have to examine the BET specific 
surface area of catalyst support and the metal dispersion on the support. Measured BET 
specific surface areas of the catalysts showed similar values; -Al2O3, 7.6 m2 g-1; 
LaAlO3, 5.4 m
2 g-1; La0.8Sr0.2AlO2.9, 6.0 m
2 g-1, respectively. We also measured the metal 
dispersion of calcined catalyst which was determined by chemisorption of CO, and the 
values are shown in Table 3.1. Dispersion of Pt or Pd supported on LaAlO3 or 
La0.8Sr0.2AlO2.9 was higher than that of -Al2O3. A significant result was that metal 
dispersion of Pt/La0.8Sr0.2AlO2.9 was 61.5% despite the catalyst was calcined at 1123 K, 
on the other hand the value for Pt/-Al2O3 was only 1.4%. The high Pt or Pd dispersion 
is a particular case except supported on CeO2 while high temperature conditions tend to 
agglomerate Pt or Pd particles and decreases its metallic surface area generally10,11). 
 
3.3.2. Catalytic activity and metal dispersion for steam reforming of methane 
Catalytic activities of catalysts calcined at 773, 973, 1123 K for steam reforming of 
methane were investigated, and metal dispersion on the catalyst was measured by CO 
chemisorption after the reaction. Methane conversion and metal dispersion of used 
catalysts are summarized in Table 3.2. Both Pt and Pd catalysts showed linear 
correlations between the activity and metal dispersion in pseudo-differential conditions 
(i.e. methane conversion< 65%). Turnover frequencies at lower conversions were 
approximately 256 s-1 for Pt catalysts and 260 s-1 for Pd catalysts at ranges that metal 
dispersion and the conversion had linear relationship. The correlation agrees with the 
previous reports about steam reforming over Pt and Pd catalysts20,21,23). On steam 
reforming of methane, the activity of Pt or Pd catalyst depends on its metallic surface 
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area, and the dispersion of supported metal was decreased during high temperature 
reaction in a reducing atmosphere due to the particle migration and coalescence20,21,23). 
 
3.3.3. Effect of atmosphere on the structure of catalysts 
Results in the previous section led a conclusion that the activity strongly depends 
on the metal dispersion. CO uptake of the used Pt and Pd catalysts supported on LaAlO3 
and La0.8Sr0.2AlO2.9 were much lower than the prepared catalysts before reaction tests 
(compare with them in Table 3.2). TEM images (Figs. 3.1 and 3.2) as other evidences 
showed that Pt on La0.8Sr0.2AlO2.9 dispersed much highly. Very large platinum particles 
(about 70-100 nm) were observed locally on calcined Pt/-Al2O3 by TEM analysis. 
However no platinum particle was identified on calcined Pt/La0.8Sr0.2AlO2.9 at 500 k 
resolution. Table 3.2 shows dispersion of fresh catalyst just calcined at 1123 K and 
Table 3.3 shows them of used. According to results in the Tables, dispersion of Pt and 
Pd on La0.8Sr0.2AlO2.9 decreased to less than 10% from 61.5% (Pt) and 24.4% (Pd) 
during the steam reforming reaction in reducing atmosphere. The results indicated metal 
particles agglomerated and metallic surface area decreased by the particle migration and 
coalescence in reducing atmosphere. Apparently Pt and Pd sintered quickly under this 
reaction conditions. Kappenstein et al.24) reported Pt dispersion of Pt-Ce-Zr-Pr-catalyst 
with high oxygen storage capacity decreased after heating in hydrogen. Pt/perovskite 
might be similar behavior while perovskite type oxides have oxygen storage capacity 
and oxygen ion mobility at temperature of 973-1273 K, too25,26). Steam reforming 
reaction has reductive atmosphere derived from hydrocarbon, and products as carbon 
monoxide and hydrogen. 
We next investigated the effect of atmosphere on the metal dispersion for Pt- and 
Pd-catalysts. Metal dispersion of catalysts aged in air or inert gas at 773, 973 and 1123 
K were determined by CO chemisorption. Fig. 3.3 shows the metal dispersion of 
samples calcined in air and Fig. 3.4 shows that aged in inert gas. Generally about 
supported Pt catalysts, metal particles agglomerate due to the Ostwald-ripening at high 
temperature in oxidative atmosphere12). Our result for Pt/-Al2O3 was similar to the 
reported case,22) and Pt dispersion decreased with increasing temperature not only in air 
atmosphere but also in helium atmosphere. Metal dispersion of Pt/LaAlO3 and 
Pt/La0.8Sr0.2AlO2.9 also decreases with increasing temperature like Pt/-Al2O3 in helium. 
However the agglomeration of Pt and Pd on La0.8Sr0.2AlO2.9 was inhibited relatively in 
air atmosphere even at high temperature. Oxidative atmosphere including oxygen, 
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neither inert nor reductive atmosphere, is an important condition to obtain highly 
dispersed Pt or Pd catalyst over La0.8Sr0.2AlO2.9 at high temperature. 
The most interesting result is the dispersion of Pt on La0.8Sr0.2AlO2.9 in air 
atmosphere increased with increasing temperature. It means Pt redispersed and formed 
smaller particles by the oxidative treatment. Metal particle might have strong interaction 
with La0.8Sr0.2AlO2.9 support and the strong interaction inhibited the Pt-particle 
migration. Though Pd-metal did not redispersed on La0.8Sr0.2AlO2.9 support, the 
sintering was suppressed even at high temperature. The difference of Pt and Pd suggests 
that the interaction of metal-support was stronger in case of Pt than Pd. 
 
3.3.4. Sr loading for highly dispersed Pt catalyst 
The dispersion of Pt supported on La0.8Sr0.2AlO2.9 calcined at 1123 K was very high 
value of 61.5% even though the dispersion was 29.0% after calcination at 773 K. These 
phenomena were observed only on Pt/La0.8Sr0.2AlO2.9, not on Pt/-Al2O3 or Pt/LaAlO3, 
as shown in Fig. 3.3. So we examined the effect of Sr in the perovskite support for 
platinum catalyst. Pt dispersion of Pt/-Al2O3, and Pt/La1-xSrxAlO3-0.5x (x = 0, 0.1, 0.2 
and 0.3) calcined at 773, 973 and 1123 K in air were determined by CO adsorption. 
Results are shown in Fig. 3.5. Although the dispersion of Pt on the Pt/LaAlO3 and 
Pt/La0.9Sr0.1AlO2.95 catalysts decreased as the calcination temperature increased, the 
dispersion increased with temperature over Pt/La0.8Sr0.2AlO2.9 and Pt/La0.7Sr0.3AlO2.85. 
Pt/La0.7Sr0.3AlO2.85 showed very high metal dispersion even after high temperature 
calcination at 773 K. 
Perovskite type oxide has lattice oxygen vacancy and oxygen ion conductivity at 
high temperature25,26), and similar properties have been reported for CeO2
13-15). The 
redispersion phenomenon has been also reported for the Pt catalyst supported over CeO2, 
and the phenomenon is due to a strong interaction between metal and surface lattice 
oxygen of support19). So in this case, the high dispersion of Pt and Pd over 
La1-xSrxAlO3-0.5x might depend on the strong interaction between Pt or Pd metal and 
La1-xSrxAlO3-0.5x support. The interaction is investigated and discussed in the latter 
section. 
 
3.3.5. Sintering and redispersing test for steam reforming of methane 
Next we investigated the redisperse trend of Pt particles on Pt/La0.8Sr0.2AlO2.9 by a 
cycle test of oxidative atmosphere and reducing atmosphere. The experimental flow was 
following:  
Operation-1: 1st steam reforming reaction at 973 K for 1 h 
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Operation-2: Aging in He at 1123 K for 3 h 
Operation-3: 2nd steam reforming reaction at 973 K for 1 h 
Operation-4: Aging in air at 1123 K for 21.5 h 
Operation-5: 3rd steam reforming reaction at 973 K for 1 h. 
This experiment was conducted three times to determine Pt dispersion after each 
operation; operations-1, -3 and -5. Methane conversions on these tests are shown in Fig. 
3.6 and Pt dispersion after each operation is shown in Table 3.4. The operation-1 gave 
57.0% of conversion at 50 min on time on stream. Conversion decreased to 25.3% at the 
operation-3 after aging in helium flow at 1123 K due to the agglomeration of the 
supported metal particle in an inert atmosphere. And the operation-5 after aging in air, 
the catalytic activity recovered and methane conversion showed 55.3%, almost equal to 
the first operation. The methane conversion decreased in time course due to the decrease 
of its metallic surface area in each operation, because the operations-1, -3 and -5 were 
steam reforming of methane, i.e. reducing atmosphere. Also, as confirmed in previous 
section 3.3.4, Pt/La0.8Sr0.2AlO2.9 easily lost its metallic surface area by agglomeration in 
helium at high temperature. Platinum particles redispersed in oxidative atmosphere, and 
the activity for steam reforming was recovered by the re-dispersing of Pt-metal in 
operation 4. 
 
3.3.6. Oxidative steam reforming and partial oxidation of methane over 
Pt/La0.8Sr0.2AlO2.9 catalyst 
From results shown in above sections, Pt/La0.8Sr0.2AlO2.9 catalyst can keep 
high-dispersion of supported Pt in oxidative atmosphere. So we conducted oxidative 
steam reforming of methane and partial oxidation of methane using this catalyst, 
because these reactions include gaseous oxygen in gas phase and Pt-dispersion on 
La0.8Sr0.2AlO2.9 was kept at a high value in an oxidative atmosphere as shown in 
previous section 3.3.5. As a control, Pt/-Al2O3 catalyst was used in this study, because 
-Al2O3 support had similar properties of BET specific surface area (i.e. both of these 
two supports have similar BET specific surface area as described in section 3.3.1), 
acidity/basicity (i.e. both of them has no/less acidity/basicity). Results are shown in 
Table 3.4 for oxidative steam reforming of methane and in Fig. 3.7 for partial oxidation 
of methane. For these two reactions, Pt/La0.8Sr0.2AlO2.9 catalyst showed very high 
activity compared to Pt/-Al2O3 catalyst. Pt/La0.8Sr0.2AlO2.9 catalyst showed higher 
methane conversion of 33.2% and high hydrogen yield of 40.3% for the oxidative steam 
reforming of methane. This is due to the high dispersion of Pt-metal on the 
La0.8Sr0.2AlO2.9 support because the reaction atmosphere included gas phase oxygen. 
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For the partial oxidation of methane, the conversion of methane was higher in the case 
of Pt/La0.8Sr0.2AlO2.9 catalyst compared to Pt/-Al2O3 catalyst under various W/F 
conditions as shown in Fig. 3.7. The selectivity to hydrogen was higher in the case of 
Pt/La0.8Sr0.2AlO2.9 catalyst compared to Pt/-Al2O3 catalyst even at the high W/F. In 
case of partial oxidation of methane, following three reactions proceeded on these two 
catalysts simultaneously. These experimental values in the selectivity to hydrogen were 
compared and confirmed by the calculation. 
CH4 + 2O2→ CO2 + 2H2O                                            eq. 3-8 
CH4 + 3/2O2→ CO + 2H2O                                           eq. 3-9 
CH4 + H2O → CO + 3H2                                            eq. 3-10 
These experimental results shown in Fig 3.7 were divided into three reactions, eqs. 
8-10. Calculated results are shown in Fig 3.8 for (a) Pt/La0.8Sr0.2AlO2.9 catalyst and (b) 
Pt/-Al2O3 catalyst. In the case of Pt/-Al2O3 catalyst, the conversion of methane to 
reaction eq.10 (steam reforming) was lower compared to Pt/La0.8Sr0.2AlO2.9 catalyst. 
From this result, we confirmed that Pt/La0.8Sr0.2AlO2.9 catalyst had high activity for 
steam reforming even in an oxidative atmosphere because of its highly dispersed Pt 
particle. 
 
3.3.7. XPS and EXAFS analyses 
We confirmed that Pt/La0.8Sr0.2AlO2.9 catalyst showed high catalytic activity for 
oxidative steam reforming of methane and partial oxidation of methane. So, we 
conducted to evaluate the structure of Pt catalysts by XPS analyses and EXAFS of Pt 
LШ-edge to investigate the interaction between metal and support in an oxidative 
atmosphere using Pt/La0.8Sr0.2AlO2.9 (or Pt/La0.7Sr0.3AlO2.85 only for EXAFS due to the 
edge-jump limitation) and Pt/-Al2O3. Results are shown in Table 3.5 for XPS results 
for these two catalysts, and in Fig. 3.9 for EXAFS spectra of Pt/La0.7Sr0.3AlO2.85 and 
Pt/-Al2O3 catalysts in each condition: as made, after reduction treatment, and after 
oxidation treatment. Spectra of these two catalysts after Fourier transformation are 
shown in Fig. 3.10 and results of analyses for these spectra are shown in Table 3.6.  
From Fig. 3.10 (a), only Pt-O bond could be observed on Pt/La0.7Sr0.3AlO2.85 
catalyst as made and only Pt-Pt bond could be observed on Pt/-Al2O3 catalyst as made. 
So, we confirmed that Pt particles were highly dispersed on La0.7Sr0.3AlO2.85 support 
compared to on -Al2O3 support. From Fig. 3.10 (b), only Pt-O bond could be observed 
on Pt/La0.7Sr0.3AlO2.85 catalyst as made and after oxidation treatment, and both Pt-Pt 
bond and Pt-O bond could be observed on this catalyst after reduction treatment. On the 
other hand, from Fig. 3.10 (c), only Pt-Pt bond could be observed on Pt/-Al2O3 
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catalyst in every condition. From these results, we concluded that Pt particles, which 
were agglomerated in reductive atmosphere, redispersed on La0.7Sr0.3AlO2.85 support in 




Perovskite type oxide La1-xSrxAlO3-0.5x works as a support for highly dispersed Pt 
and Pd catalysts in an oxidative atmosphere. The catalysts showed very high metal 
dispersion after air aging, and especially Pt supported on La0.8Sr0.2AlO2.9 and 
La0.7Sr0.3AlO2.85 redispersed and its metallic surface area increased. High dispersion of 
Pt was confirmed by XPS/EXAFS, and Pt/La0.8Sr0.2AlO2.9 has a strong interaction 
between metal and surface lattice oxygen, and the interaction inhibited metal atomic- or 
particle-migration in an oxidative atmosphere. The phenomena were also confirmed by 
oxidative steam reforming and partial oxidation of methane, and experimental results 
showed that the Pt/La0.8Sr0.2AlO2.9 catalyst showed high activity for these two reactions 
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Fig. 3.3. Metal dispersions of catalysts calcined in air at 773 K (white), 973 K (gray) and 





































































Fig. 3.4. Metal dispersion of catalysts aged in inert gas flow at 773 K (white), 973 K 





































































Fig. 3.5. Metal dispersions on Pt catalysts calcined in air at 773 K (white), 973 K (gray) 












































































Fig. 3.6. Methane conversion over Pt/La0.8Sr0.2AlO2.9 on redispersing test; conditions: T 

















































































Fig. 3.7. Partial oxidation of methane over Pt/La0.8Sr0.2AlO2.9 catalyst (open) and 
























Fig. 3.8. Conversion of methane to three reactions; (1) CH4 + O2→ CO2 + 2H2O, (2) CH4 
+ 3/2O2→ CO + 2H2O and (3) CH4 + H2O → CO + 3H2 on (a) Pt/La0.8Sr0.2AlO2.9 catalyst 












































































Fig. 3.9. EXAFS spectra of Pt LШ-edge for (a) Pt/La0.8Sr0.2AlO2.9 catalyst and (b) 

































































































































Fig. 3.10. Spectra after Fourier transformation: (a) Pt/La0.8Sr0.2AlO2.9 and Pt/-Al2O3 
catalysts as made, (b) Pt/La0.8Sr0.2AlO2.9 catalyst in each condition, and (c) Pt/-Al2O3 






Table 3.1. CO uptake and metal dispersion of catalysts calcined at 1123 K. 
Catalyst CO uptake / mol g-1 Metal dispersion / %
Pt/-Al2O3 0.7 1.4 
Pt/LaAlO3 7.6 14.9 
Pt/La0.8Sr0.2AlO2.9 31.5 61.5 
Pd/-Al2O3 1.2 2.5 
Pd/LaAlO3 1.9 4.1 














 / mol g-1** 
Metal dispersion** 
/ % 
Pt/-Al2O3 773 67.0 1.7 3.4 
 973 45.3 1.0 2.0 
 1123 12.9 0.7 0.1 
Pt/LaAlO3 773 68.3 2.8 5.5 
 1123 73.3 4.6 9.0 
Pt/La0.8Sr0.2AlO2.9 773 67.3 4.1 7.9 
 1123 66.0 3.8 7.4 
Pd/-Al2O3 773 65.4 2.6 5.5 
 1123 7.9 0.1 0.1 
Pd/LaAlO3 773 65.0 1.9 4.1 
 1123 29.9 0.7 1.6 
Pd/La0.8Sr0.2AlO2.9 773 65.7 6.1 13.0 
 1123 54.0 1.0 2.1 
 
 
Conditions: T = 1073 K, Wcat. = 50 mg, W/F = 0.37 g h mol
-1.  
* At 5 min on stream. 















CO uptake** / 
mol g-1 
Metal 
dispersion** / % 
-1 None 57.0 12.1 23.7 
-3 He at 1123 K for 3 
h 
25.3 6.81 13.3 
-5 Air at 1123 K for 
21.5 h 
55.3 13.9 27.2 
 
 
Conditions: T = 973 K, Wcatalyst = 100 mg, W/F = 0.75 g h mol
-1.  
* At 50 min on stream. 




















Table 3.4. Catalytic activities for oxidative steam reforming of methane. 
 












Pt/-Al2O3 100 16.2 53.5 46.5 1.9 8.2 
Pr/LSAO 100 33.2 52.6 47.4 4.6 40.3 
  
 
Temperature 1023 K, CH4/H2O/O2/N2 = 50/50/10/390 SCCM, charged amount of 





Table 3.5. XPS parameters of Pt/La0.8Sr0.2AlO2.9 and Pt/-Al2O3 catalysts. 
 
                                                                 
 Binding energy / eV  
Sample Al 2p O 1s Pt 4d5/2 C 1s 
 Pt/La0.8Sr0.2AlO2.9 72.3 528.6 316.7 284.6 
 Pt/-Al2O3 75.2 531.9 315.1 284.6 






























Table 3.6. Results of analysis for spectra after Fourier transformation: (a) 
Pt/La0.7Sr0.3AlO2.85 catalyst and (b) Pt/-Al2O3 catalyst. 
 
(a) 
sample bond N R dE DW MF 
fresh Pt-O 6.47  2.06  0.67  0.07  7.00  
reduction 
Pt-Pt 6.94  2.75  -3.50  0.07  7.00  
Pt-O 2.99  2.06  2.56  0.08  7.00  
oxidation Pt-O 6.79  2.07  2.96  0.07  7.00  
 
(b) 
sample bond N R dE DW MF 
fresh Pt-Pt 11.94  2.78  0.53  0.06  7.00  
reduction Pt-Pt 10.88  2.78  -1.02  0.06  7.00  






Catalytic oxidative coupling of methane over 
La-containing composite oxide catalysts 
 
4.1. Introduction 
Natural gas is important as an energy source and a chemical source. Although 
conversion technologies, such as GTL and methanol synthesis, have been considered, 
they have low energy efficiency and complex processing. From the perspective of 
effective use of natural gas, oxidative coupling of methane (OCM) has received 
considerable attention for producing C2 hydrocarbons (especially ethylene) directly
1,2). 
Although the OCM reaction is attractive, C2 yields (methane conversion × C2 
selectivity) greater than 30%, which are industrially required, have not been 
accomplished yet. Therefore, further investigation for an active/selective catalyst for the 
OCM reaction is required. 
The OCM reaction has been studied for the last 3 decades. Control of oxidation of 
methane and C2 hydrocarbons is the most important aspect of the OCM reaction. The 
active oxygen species for catalytic OCM are O-, O2
2-, and O2- on the oxide catalyst. 
These oxygen species activate methane, and the activated methane couples to C2 
hydrocarbon. Lunsford considered O- of the [Li+O-] center on Li/MgO as the active 
site3-5). Choudhary suggested that basic O2- is the active center6). Furthermore, it was 
widely accepted that the C-H bond of methane is dissociated on the active oxygen 
species and that CH3· is generated. Then, the CH3· couples to form ethane, with 
subsequent oxidative dehydrogenation into ethylene7). 
To date, various oxide catalysts have been researched. Basic oxides, such as alkali 
metal oxides, alkali earth metal oxides, and rare earth oxides, show high C2 selectivity 
in the OCM reaction; especially, La2O3 is well-known to be an effective catalyst
8-20). 
Borchert suggested that the oxygen anion vacancies of La2O3 doped with Sr
2+ favor the 
adsorption of gaseous oxygen and its subsequent transformation into lattice oxygen13). 
Consequently, nonselective surface reactions of methyl species and C2 hydrocarbons 
with weakly adsorbed oxygen are suppressed13). Furthermore, Yamashita investigated 
O2
2- and O- on the Ba-La-O catalyst, which exhibited 18% C2 yield
14). Furthermore, 
perovskite oxide (ABO3) is known to have oxide ion conductivity and that its 
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conductivity can influence the oxidation of methane. Hayakawa investigated the 
reactivity of LaCoO3-based perovskite oxides and suggested that the formation of 
hypervalent metal ions, such as Co4+, and disordering of lattice oxygen play important 
roles in the OCM reaction21). 
In this chapter, we investigated OCM activity over several La-containing catalysts. 
Firstly, we studied Fe-doped La2O3 catalyst, which was a mixted-phase of La2O3 and 
LaFeO3. Secondary, we investigated La-containing perovskite oxide catalyst, which 
includes the boron group (group 13, here Al, Ga and In). 
 
4.2.  Experimental 
 
4.2.1. Preparation of catalyst 
Catalysts were prepared as follows using the citric acid method. Precursors, such as 
La(NO3)3·6H2O and several nitrates, were dissolved into water followed by adding the 
aqueous solution of ethylene glycol and citric acid. After heating at 353 K in a water 
bath, the solution was evaporated completely using a hot stirrer. Then, the obtained 
complex was decomposed by heat treatment at 673 K for 2 h and subsequent 
calcinations at 1123 K for 10 h. 
 
4.2.2. Catalytic activity tests 
The OCM reaction was carried out at atmospheric pressure in a fixed-bed reactor. A 
quartz tube was used as a reactor. The catalyst in the reactor was heated to the reaction 
temperature (1023 K) at the rate of 10 K min-1 in a N2 flow. Reactant gases (CH4/O2/N2) 
were introduced into the reactor. At the reactor outlet, a cold trap was used to remove 
water from the effluent gas. The effluent gas was analyzed using gas chromatography 
with a flame ionization detector (GC-FID) with a Porapak Q packed column after 
methanation by the Ru catalyst (for analysis of CH4, CO, CO2, C2H4, C2H6, C3H6, and 
C3H8) and gas chromatography with a thermal conductivity detector (GC-TCD) with a 
molecular sieve 5 A packed column (for analysis of H2, O2 and N2). Typically, >97% of 
carbon mass balance was achieved. In the investigation of Fe-doped La2O3 catalyst, the 
experiments were conducted in the kinetic region (i.e., high space velocity, low oxygen 
feed rate, low temperature as 1023 K, and oxygen conversion is less than 80%); 
therefore, C2 yield was calculated on the basis of the following equation: 





X-ray diffraction (XRD) of the catalyst was carried out using a X-ray 
diffractometer (operating at 40 kV and 20 mA, Cu KR radiation filtered by nickel, 
RINT-2000; Rigaku Corp.). The catalyst surface area was measured using the 
Brunauer-Emmett-Teller (BET) method (AUTOSORB-1; Quantachrome Instruments). 
Temperature programmed reduction (TPR) was performed using a TG apparatus 
(Thermo plus EVO: Rigaku Corp.). 
 
4.3.  Results and discussion 
 
4.3.1. Oxidative coupling of methane on Fe-doped La2O3 catalyst 
 
4.3.1.1.  Several metal-doped La2O3 catalysts 
First, we examined the activity of La2O3 or perovskite oxides incorporated with La 
in the A site. Expecting the release of lattice oxygen, we adopted some transition metals 
as the B site of the La-contained perovskite oxides. Results of reactions over La2O3 and 
LaBO3 (B=Fe, Co, Mn, Cr, and Ni) are presented in Table 4.1. La2O3 showed high C2 
selectivity of 64.9%. Over LaFeO3, LaCoO3, LaMnO3, and LaCrO3, oxidation to CO2 
was the dominant reaction. In addition, over LaNiO3, enormous quantities of carbon 
were generated on the catalyst. To modify La2O3 with perovskite oxides, which can 
activate oxygen effectively, we attempted several metal-doped La2O3 for the OCM 
reaction. Table 4.2 presents catalytic activities and crystal phases of several 
metal-doped La2O3 (B/La=0.2) catalysts. These catalysts showed higher O2 conversion 
about 80% than the La2O3 catalyst because of its high oxidizing ability. Results showed 
that C2 selectivity on LaB0.2Ox was higher than that on LaBO3. Particularly, C2 
selectivity on LaFe0.2Ox was the highest. Therefore, we considered the Fe-doped La2O3 
catalyst as a good candidate for the OCM reaction. 
 
4.3.1.2. Fe-doped La2O3 catalyst 
From these results, LaFexOy oxides, which are a mixed phase of La2O3 and LaFeO3, 
have a good potential for the OCM reaction because of their high selectivity to C2 
derived from La2O3 and high oxidizing activity derived from LaFeO3 perovskite. 
Therefore, the catalytic activities of Fe-doped La2O3 catalysts were examined at various 
Fe concentrations. Fig. 4.1 indicates O2 conversion, C2 selectivity, and O2-based C2 
yield according to the La/Fe ratio of Fe-doped La2O3. Also, Fig. 4.1 presents specific 
surface areas of Fe-doped La2O3 and La2O3 catalysts. O2 conversion, CH4 conversion, 
and C2 selectivity are 85.7, 7.1, and 38.5% at La/Fe=5 (LaFe0.2Ox), respectively. Then, 
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they are 69.5, 9.8, and 53.3% at La/Fe=20 (LaFe0.05Ox), respectively. The C2 selectivity 
and O2-based C2 yield improved with the La concentration. Especially, the O2-based C2 
yield of Fe-doped La2O3 was higher than that of La2O3 in the case of La/Fe>5. 
Furthermore, from Fig. 4.1, LaFeO3 and La2O3 had specific surface areas of 3.5 and 0.9 
m2 g-1, respectively; those specific surface areas of Fe-doped La2O3 catalysts declined 
concomitantly with the La concentration. It was surmised that the decline of O2 
conversion with the La concentration was attributed to the decrease of the specific 
surface area and LaFeO3 phase, which activated oxygen effectively, and that the 
improvement of C2 selectivity with the La concentration resulted from the increased 
La2O3 phase, which was associated with the generation of C2 compounds. Therefore, 
LaFeO3 perovskite plays a very important role in improving the oxygen conversion, and 
the La2O3 phase plays an important role in increasing C2 selectivity. Considering the 
role of these two oxides, we assumed that the LaFexOy catalysts, which have a La/Fe 
ratio of 10-20 are good for the OCM reaction. 
 
4.3.1.3. Nature of LaFexOy Catalysts 
Next, we examined the characteristics of Fe-doped La2O3 (LaFexOy) catalysts in 
detail. Fig. 4.2 depicts XRD spectra of LaFeO3, LaFe0.5Ox, and LaFe0.05Ox. As shown in 
Fig. 4.2, only the LaFeO3 perovskite phase was detected at La/Fe=1 (LaFeO3) and 
La2O3 was the main component at La/Fe=20 (LaFe0.05Ox). The LaFeO3 perovskite phase 
decreased, and the La2O3 phase increased with an increasing La/Fe ratio. Furthermore, 
Fig. 4.3 shows the catalytic activity of LaFe0.05Ox. LaFe0.05Ox had stable O2 conversion 
of about 90%, CH4 conversion of about 10%, and C2 selectivity of about 50%. It was 
inferred that Fe-doped La2O3 catalysts had a stable structure under reaction conditions. 
Therefore, on the basis of this catalyst, we developed a more efficient catalyst for the 
OCM reaction by impregnating or doping some other compounds/elements onto or into 
the LaFe0.05Ox catalysts. 
 
4.3.1.4. Modification by impregnating some compounds on LaFexOy Catalysts 
Next, to enhance C2 selectivity, we impregnated many oxide compounds, such as 
Na2O3, Y2O3, ZrO2, WO3, and ZnO on Fe-doped La2O3. Among them, impregnation 
with sodium compounds enhanced the C2 selectivity of Fe-doped La2O3. Sodium is 
well-known as an active species for the OCM reaction3).  
Some sodium-compound-impregnated Fe-doped La2O3 catalysts were examined. 
First, we prepared 5.4 wt% Na2O/LaFe0.05Ox catalyst by the impregnation method from 
an aqueous solution of NaNO3. Fig. 4.4 (a) shows the catalytic activity of 5.4 wt% 
80 
 
Na2O/LaFe0.05Ox catalyst. The C2 selectivity decreased from 77.6 to 67.2%, and O2 
conversion increased from 14.3 to 21.7% during 370 min of the OCM reaction. 
Although 5.4 wt %Na2O/LaFe0.05Ox showed higher initial C2 selectivity of 77.6% than 
LaFe0.05Ox (50.4%), the selectivity to C2 hydrocarbons decreased with reaction time. 
Concomitantly, with the decrease of the selectivity to C2 hydrocarbons, oxygen and 
methane conversion increased. We presumed that this phenomenon resulted from 
sintering or volatilization of Na compounds on the catalyst. 
Therefore, to stabilize C2 selectivity of this catalyst, we impregnated Na4P2O7, 
which has a high melting point (1173 K), onto the LaFe0.05Ox catalyst. The activity and 
selectivity to products are shown in Fig. 4.4 (b). Although the activity was less 
compared to Na2O-supported catalyst, this catalyst exhibited stable C2 selectivity of 
about 55% during 370 min of the reaction. Therefore, we impregnated Na4P2O7 onto 
Na2O/LaFe0.05Ox catalyst by co-impregnation to obtain a higher yield of C2 
hydrocarbons and more stable catalyst simultaneously. Fig. 4.4 (c) shows the activity 
and selectivity for 0.5 wt% Na4P2O7-5.4 wt% Na2O/LaFe0.05Ox. This catalyst retained 
more than 80% of C2 selectivity. It was inferred that P2O7
4- prevented sintering of Na 
compounds or retained it on the catalyst. 
 
4.3.1.5. Modification by doping some elements in LaFexOy catalysts 
We doped many compounds, such as In, Cu, W, Zn, Ce, and Bi, into Fe-doped 
La2O3. Among them, modification with Bi enhanced the OCM activity of Fe-doped 
La2O3
22). Fig. 4.5 depicts the catalytic activity of LaBi0.025Fe0.05Ox catalyst. The O2 
conversion, CH4 conversion, and C2 selectivity of this catalyst were 24.1, 1.4, and 
54.8%, respectively, at the initial period of the reaction, and conversions increased and 
reached stable value with reaction time. At 490 min of the time course, the O2 
conversion, CH4 conversion, and C2 selectivity on LaBi0.025Fe0.05Ox were about 75, 9.2, 
and 60%, respectively. These values are higher than those of LaFe0.05Ox (Fig. 4.1). Fig. 
4.6 portrays XRD spectra before and after the reaction for the LaBi0.025Fe0.05Ox catalyst. 
The LaBi0.025Fe0.05Ox catalyst consisted of the LaFeO3 perovskite phase and the La2O3 
phase. We were unable to detect any Bi compounds in fresh or after reaction XRD 
spectra of the catalyst because of its low loading amount; no peak shift was observed. 
The LaBi0.025Fe0.05Ox catalyst is presumed to be composed of La2O3, LaFeO3, and a 
trace amount of Bi2O3, which enhanced C2 selectivity of the catalyst. 
 




4.3.2.1.  OCM activity over LaBO3 (B=Al, Ga, In) 
As described in the section 4.3.1., LaFeO3, LaMnO3 and LaCoO3 perovskite 
catalysts exhibited only combustion activity, not OCM activity. On the other hand, 
catalytic activities of La-perovskites which include the boron group (group 13, here Al, 
Ga and In) have not been reported so far. So in this work we examined the catalytic 
activities for OCM over LaAlO3, LaGaO3 and LaInO3 perovskite oxides. Fig. 4.7 
portrays OCM activities at 1023 and 1073 K on LaAlO3, LaGaO3 and LaInO3 catalysts 
under various W/Fs. From Fig. 4.7, the order of C2 selectivity was 
LaInO3>LaGaO3>LaAlO3 under various conditions.  
The catalytic activity of perovskite oxide (ABO3) is significantly affected by the 
nature of B-site element23-25). So, we compared the OCM activity of LaInO3 and In2O3 
catalysts. Table 4.3 shows the OCM activity of LaInO3 and In2O3 catalysts. While 
LaInO3 catalyst exhibited C2 production ability, In2O3 only exhibited combustion 
activity. It is well known that the methane combustion activity was associated with the 
redox property of metal catalyst. Therefore, we also performed temperature 
programmed reduction (TPR) on these catalysts, in order to investigate the redox 
property of In cation in these catalysts. The sample was heated at a rate of 5 K min-1 
from ambient temperature to 1123 K in 48 mL min-1 of N2 and 2 mL min
-1 of H2. Fig. 
4.8 portrays the weight loss profiles of these catalysts in the TPR. In the case of In2O3 
catalyst, a drastic weight loss was observed at ca. 973 K. On the other hand, slight 
amount of weight loss was observed on LaInO3 catalyst. This result indicates that 
LaInO3 had stronger cation-oxide ion bond than In2O3. We surmised that redox of In 
cation was suppressed by incorporating in LaInO3 structure, and this phenomena 
contributed to suppress the combustion activity. 
 
4.3.2.2.  Partial substitution of La3+ site of LaInO3 catalyst with Sr
2+ 
It was reported in a previous work that the partial substitution of La3+ site with 
another M2+ cation increased oxygen vacancies in La2O3
13). The increase of oxygen 
vacancies contributed to the production of active oxygen species (i.e. active center of 
OCM). Therefore, we also performed the partial substitution of La3+ site with Sr2+ in 
the LaInO3 perovskite catalyst for promoting the OCM reaction. We prepared 
La1-xSrxInO3-xcatalysts. Fig. 4.9 shows XRD patterns of 
La1-xSrxInO3-xcatalysts. With increasing the amount of Sr doping, SrIn2O4 
was generated. Not all of Sr was incorporated in the La3+ site of LaInO3 catalyst. Fig. 
4.10 portrays OCM activities at 1023, 1048 and 1073 K on 
La1-xSrxInO3-xcatalysts and SrIn2O4 catalyst under various W/Fs. 
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Comparing with the result of Fig. 4.7, La1-xSrxInO3-xcatalysts exhibited 
higher C2 selectivity than LaInO3 catalyst. Fig. 4.10 also indicates that SrIn2O4 had 
combustion activity. In order to clarify the relation of C2 selectivity and the amount 
of Sr doping of La1-xSrxInO3-xcatalysts, we plotted C2 selectivity at 
various values of the x (Fig. 4.11). By increasing the value of x to 0.2, the doping of 
Sr increased the C2 selectivity of the catalyst. But further increase of the Sr doping 
decreased the C2 selectivity at x= 0.3 and 0.4. We assumed that the increase of Sr 
doping was derived from the increase of oxygen vacancies, and SrIn2O4, which had 
combustion activity, participated in the decrease of C2 selectivity at x=0.3 and 0.4. 
 
4.3.2.3.  Partial substitution of La3+ site of LaInO3 catalyst with Ba
2+ 
As stated in the section 4.3.2.2., a modification with Sr into LaInO3 catalyst 
brought the generation of SrIn2O4 other than La1-xSrxInO3-This SrIn2O4 had the 
combustion activity. Other than the Sr modification, we performed Ba modification 
into LaInO3 catalyst. Activities and selectivities for OCM over various 
La1-xBaxInO3-δ (x=0-0.4) catalysts are listed in Table 4.4. LaInO3 catalyst exhibited 
15.4% of CH4 conversion and 53.6% of C2 selectivity at W/F of 0.7 g h mol
-1. The 
partial substitution of La3+ site with Ba2+ promoted the catalytic activity/selectivity 
drastically, and La0.6Ba0.4InO3-δ catalyst showed higher CH4 conversion of 21.4%, 
and higher selectivity to C2 of 61.1% at the same W/F condition. Fig. 4.12 shows 
XRD patterns of La1-xBaxInO3-δ (x=0-0.4) catalysts. With increasing the amount of 
Ba, the structure of catalysts changed from (orthorhombic+cubic) to only cubic. Any 
peaks other than La1-xBaxInO3-δ were not detected in the XRD patterns. It was 
inferred that almost all of Ba cation was incorporated in the La3+ site of LaInO3. TPR 
was also performed on La1-xBaxInO3-δ (x=0-0.4) catalysts. In order to clarify 
reduction-starting-temperature, DTG (differential value of TG by temperature) was 
obtained from TG profile of the TPR (Fig. 4.13). Fig. 4.13 indicates that the 
reduction starting temperature of LaInO3 was 980 K, and that of La1-xBaxInO3-δ 
(x=0.1-0.4) was 880 K. The reduction corresponds to the release of lattice oxygen in 
the perovskite catalyst. The lower reduction starting temperature of lattice oxygen 
was derived from the increase of lattice oxygen vacancies with the Ba2+ incorporation 
in La3+ site of these oxides. From the results of catalytic activity tests shown in Table 
4.4, this incorporation of Ba2+ into LaInO3 brought an increase of the C2 yield (CH4 
conversion and selectivity to C2). It is considered that the partial substitution of La
3+ 
site of LaInO3 with Ba
2+ increased oxygen vacancies in the stable cubic phase, and 
then contributed to the production of active oxygen species on the LaInO3 surface for 
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selective C2 formation. 
 
 
4.4.  Conclusion 
Fe-doped La2O3 catalyst showed high OCM activity. The La/Fe ratio of the 
Fe-doped La2O3 catalyst was an important factor for OCM activity. Especially, the 
O2-based C2 yield of the Fe-doped La2O3 catalyst was higher than that of La2O3 in the 
case of La/Fe>5. The Fe-doped La2O3 catalyst modified with Na2O and Na4P2O7 
showed high C2 selectivity (76%). In addition, modification with Bi compounds 
enhanced both the C2 selectivity and O2 conversion of Fe-doped La2O3, and the catalyst 
showed a higher yield of C2 hydrocarbons compared to LaFeO3 and LaFe0.05Ox 
catalysts. 
Additionally, we investigated the OCM activity of La-containing perovskite oxide 
catalysts. LaInO3 catalyst was good candidate for OCM. The redox of In cation in 
LaInO3 was suppressed. We modified the LaInO3 catalyst with Sr and Ba. Especially, 
partial substitution of La3+ site of the LaInO3 catalyst with Ba
2+ significantly increased 
the OCM activity of the catalyst. We considered that the partial substitution of La3+ site 
of LaInO3 with Ba
2+ increased oxygen vacancies in the stable cubic phase, and then 
contributed to the production of active oxygen species on the LaInO3 surface for 
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Fig. 4.1. O2 conversion, C2 selectivity, O2-based C2 yield, and BET surface area of 
Fe-doped La2O3 catalysts with various La/Fe ratios. 
Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 





























































Fig. 4.2. XRD spectra of Fe-doped La2O3 with various Fe concentrations: (a) LaFeO3, 
(b) LaFe0.5Ox, and (c) LaFe0.05Ox. 
Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 

















































Fig. 4.3. Catalytic activity of LaFe0.05Ox.  
Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 

























Fig. 4.4. Catalytic activities of (a) 5.4 wt% Na2O/LaFe0.05Ox, (b) 0.5 wt% 
Na4P2O7/LaFe0.05Ox, and (c) 0.5 wt% Na4P2O7-5.4 wt% Na2O/LaFe0.05Ox,  
Reaction conditions: CH4/O2/N2=10:1:30, the total flow rate=410 mL min
-1, 1023 K, 











































































































































































































































Fig. 4.5. Catalytic activity of LaBi0.025Fe0.05Ox. 
Reaction conditions:CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 




















































Fig 4.6. XRD spectra of LaBi0.025Fe0.05Ox: (a) fresh and (b) after the reaction.  
Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 
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Fig. 4.7. Catalytic activity over La2O3 and LaBO3 (B = Al, Ga and In).  






















































Fig. 4.8. TPR profiles over LaInO3 and In2O3; heating rate=5 K min
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Fig. 4.10. Catalytic activities over various La1-xSrxInO3-; reaction condition: 1023, 

























Increase of oxygen vacancies






















Fig. 4.11. Effect of doped Sr (x) in La1-xSrxInO3-for C2 selectivity; reaction condition: 







































Fig. 4.13. DTG profiles in TPR from 400 K to 1223 K over various La1-xBaxInO3-δ 
(x=0-0.4) catalysts; atmosphere in measurement cell was 10%H2+90%N2 50 mL min
-1. 
The cell was heated at a 10 K min-1 rate from ambient temperature up to 1223 K. The 






Table 4.1. Catalytic activities of La2O3 and LaBO3 (B=Fe, Co, Mn, Cr, and Ni). 
 
  
O2 conv. / % C2 sel. / % CO2 sel. / % CO sel. / % 
La2O3 32.2 64.9 13.9 18.1 
LaFeO3 86.5 2.1 90.6 7.2 
LaCoO3 86.0  0.4 95.8 3.9 
LaMnO3 83.0  0.6 92.5 6.9 
LaCrO3 76.3 0.0  88.5 11.5 










Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 





Table 4.2. Catalytic activities and crystal phases of metal-doped La2O3. 
  
Crystal phase O2 conv. / % C2 sel. / % CO2 sel. / % CO sel. / %
LaFe0.2Ox LaFeO3 + La2O3 85.7 38.5 55.8 4.7 
LaCo0.2Ox LaCoO3 + La2O3 86.8 3.4 90.9 5.7 
LaMn0.2Ox LaMnO3 + La2O3 90.6 12.3 81.6 6.1 
LaCr0.2Ox La2CrO6 + La2O3 89.7 1.4 87.7 11.0  
LaNi0.2Ox La2NiO4 + La2O3 96.2 0.6 9.9 89.5 
 
 
Reaction conditions: CH4/O2/N2=10:1:30, total flow rate=410 mL min
-1, 1023 K, 





Table 4.3. Catalytic activities of LaInO3 and In2O3 at 1073 K; reaction conditions: 
CH4/O2/N2=5/1/30, 1073 K. 
 
  




C2 CO CO2 
  sel. / % yield / % sel. / % yield / % sel. / % yield / % 
LaInO3 0.82 3.5 57.9 2.0 21.0  0.7 19.8 0.7 










Table 4.4. Catalytic activities of Ba-substituted catalysts (La1-xBaxInO3-) at 1073 K 





/ m2 g-1 







2.3 0.2 10.1  52.1  
2.3 0.4 12.4  48.5  
2.3 0.7 15.4  53.6  
La0.9Ba0.1InO3- 
3.2 0.2 15.1  55.6  
3.2 0.4 17.5  54.7  
3.2 0.7 21.7  59.1  
La0.8Ba0.2InO3- 
2.6 0.2 11.0  57.9  
2.6 0.4 14.0  56.8  
4.5 0.7 17.8  59.4  
La0.6Ba0.4InO3- 
3.0  0.2 13.0  59.6  
3.0  0.4 16.0  59.5  












Catalytic oxidative coupling of methane (OCM) is one of the difficult selective 
oxidation reactions. This has received considerable attention for these three decades, 
because highly valuable C2 hydrocarbons, especially ethylene, are generated by this 
one-pass reaction (eq.1). 
CH4 + 1/2O2 → 1/2C2H4 + H2O    ΔH° = -140 kJ mol
-1                   eq. 5-1 
Oxide catalysts have been researched for this reaction1-9), such as Li/MgO, 
Mn/Na2WO4/SiO2, and La2O3. CH4 activation on these oxide catalysts required over 
973 K temperature, because CH4 has tetrahedral stable structure and high CH3-H bond 
dissociation energy (435 kJ mol-1). So, activation of CH4 is a rate-determining step in 
the OCM reaction. C2 production reaction includes H-abstraction from CH4 by surface 
oxygen species, and CH3· coupling in gas phase. While CH3· formation reaction has 
high activation energy, CH3· coupling proceeds with almost zero activation energy due 
to radical reaction5). C2H4 is produced by dehydrogenation of C2H6. Besides C2 
production, CO and CO2 are generated by both gas phase and catalytic oxidation from 
CH4 and C2 compound. Gas phase oxidation with O2 to CO and CO2 is not avoidable in 
such a high temperature. 
Taking this CH4 reaction mechanism into account, high reaction temperature above 
973 K is required for increasing CH4 conversion. In order to overcome this temperature 
limitation, several non-conventional OCM reactions have been performed10-13). One of 
the examples is the OCM reaction in a spark discharge10-12). In this process, CH4 is 
decomposed by non-equilibrium plasma generated between two electrodes. C2 
production from CH4 included much amount of C2H2, which is not attractive as a 
chemical feedstock. Additionally, a great deal of carbon deposition caused short circuit 
between electrodes. CH4 was decomposed to C or CH, it was a precursor of C2H2 
formation or the carbon deposition. 
On the other hand, an electrically heated catalyst (EHC) system was reported which 
used electricity for the heat production14-16). The system could increase catalyst 
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temperature quickly because electricity was applied directly to the conductor-support of 
the catalyst. However, the quick increase of the temperature produced the problem of 
heat resistance on the catalyst, and caused the sintering of the loading metal and 
deactivation of the catalytic activity.  
Then we examined the OCM reaction in an electric field17-19). The OCM reaction 
could proceed at low external-temperature (423 K) using this process. In this paper, the 
effect of the electric field was evaluated by examinations of the OCM reaction at 
various experimental conditions. And we measured the electrical conductivity of the 
catalyst to elucidate the electrical property of the catalyst. 
 
5.2.  Experimental 
Catalytic activity tests in the electric field were performed in a quartz tube (6, 8 and 
10 mm o.d.) fixed bed reactor, charged with catalyst as portrayed in Fig. 5.1. SUS 
electrodes (2 mm o.d.) were inserted from each end of catalyst bed in the quartz tube 
reactor. Reactant feed gas were CH4, O2 and Ar (CH4/O2/Ar = 25/5/100 mL min
-1). 
Water in the effluent stream was removed in a cold trap at the reactor outlet, and the 
effluent stream was analyzed using a GC-FID with Porapak N packed column after 
methanation by Ru/Al2O3 catalyst (for analysis of CH4, CO, CO2, C2H2, C2H4, C2H6) 
and a GC-TCD with molecular sieve 5A packed column (for analysis of H2, O2, N2). 
Carbon-based material balance was above 95% for all examinations. 
A DC high-voltage power supply was used to generate the electric field. The input 
current was changed as a controlling parameter, The impressed voltage depended on the 
nature of the catalyst or the reaction conditions. The impressed voltage waveform was 
measured by a voltage probe and an oscilloscope connected to the reactor. 
La2O3 and Sr doped La2O3 (Sr-La2O3) catalysts were prepared by a citric acid 
method. Precursors La(NO3)3·6H2O and Sr(NO3)2 nitrates were dissolved into 
distillated water with subsequent addition of an aqueous solution of ethylene glycol and 
citric acid. After heating at 353 K in a water bath for 18 h, the solution was evaporated 
completely. Then, the obtained complex was decomposed at 673 K for 2 h using a 
muffle furnace, with subsequent calcination at 1123 K for 10 h with air flow in a quartz 
tube reactor. The Sr/La molar ratios of Sr-La2O3 catalysts were 20, 50, 200, 500, 2000 
and 5000. Specific surface areas were measured by N2 adsorption using BET method 
(AUTOSORB-1; Quantachrome Instruments), Each BET surface area of Sr-La2O3 
(Sr/La = 1/20, 1/50, 1/200, 1/500, 1/2000, 1/5000 and 0/1) was 0.55, 2.46, 3.44, 1.09, 
0.85, 1.18 and 2.33 m2 g-1 respectively. And structures of these catalysts were 
characterized by XRD measurement (RINT-2000; Rigaku Corp.) operating at 40 kV 
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and 20 mA, CuKα radiation filtered by nickel. Each XRD pattern of Sr-La2O3 was the 
same to that of La2O3, and strontium-ion was finely dispersed in La2O3 structure for all 
catalysts. 
In order to evaluate electrical properties of catalysts, we measured electrical 
conductivities of these catalysts by an alternate current (AC) impedance measurement. 
Before making a catalyst disc, the catalyst powder was suspended in iso-propanol and 
crushed into a fine particle by a ball-mill (P-6; FRITSCH, 200 rpm, 30 min, 3 cycles). 
After the evaporation of iso-propanol, the catalyst was pressed at 90 kN for 30 min in 
order to obtain a catalyst disc. The disc was calcined in air at 1473 K for 24 h. For 
attaching an electrode to the disc, gold-paste was coated on the surface and calcined at 
1173 K for 10 min. Electrical conductivities were measured with an impedance analyzer 
with potentiostat (IM6eX; ZAHNER elektrik GmbH & Co. KG) in Ar atmosphere from 
573K to 973 K. The impedance was measured between 10 mHz and 3 MHz. We picked 
up the bulk conductivity from measured Nyquist plot with the equivalent circuit for 
fitting as shown in Fig. 5.2. The equivalent circuit used ALS model as a reference20), 
and was consisted of a bulk, a grain and an electrode boundary. We tried to measure the 
temperature of the catalyst bed form the emission spectra. We evaluated the temperature 
using Plank’s formula, and the temperature of the catalyst bed might be over 1200 K in 
the electric field. 
 
5.3.  Results and discussion 
 
5.3.1. Screening tests 
We conducted activity tests on various catalysts in the electric field. The result is 
shown in Table 5.1. Rare-earth oxides, especially La2O3, were reported as effective 
catalysts for the OCM reaction2,4,7,8). From our previous research, ion conduction in the 
catalyst was important for applying the electric field. The electric field could be applied 
on CeO2, Fe2O3, which had high redox ability (Ce
3+/Ce4+ and Fe2+/Fe3+). However, C2 
selectivity on CeO2 and Fe2O3 was very small, and the formation of CO2 was due to its 
high combustion activity of CeO2 or Fe2O3. On other catalysts, spark discharge was 
generated10-12), and high CO and C2H2 selectivity were observed. 
Sr-La2O3 was also reported as an effective catalyst for the OCM reaction
3,21), and 
C2 selectivity on Sr-La2O3 was higher than that on La2O3. Sr-La2O3 (Sr/La = 1/20) also 
showed higher activity for the OCM in the electric field, high CH4 conversion and C2 
selectivity were obtained over this catalyst in the electric field at low 
external-temperature of 423 K. Additionally, other tests over Ca-La2O3 and Ba-La2O3 
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catalysts in the electric field also showed high catalytic activities for the OCM reaction. 
However, the electric field was not applicable on Mg-La2O3, Y-La2O3 and Zr-La2O3 
catalysts due to the formation of spark plasma. It was considered that these metals could 
not be doped into La2O3 or did not work as a promotion of the ion conduction. The 
catalytic activity on Sr-La2O3 in the electric field was the highest among these catalysts, 
so we choose Sr-La2O3 in further investigations as a catalyst. 
 
5.3.2. The effect of the electric field on the catalytic activity 
We examined the OCM reaction in various experimental conditions, and evaluated 
the effect of the electric field on the catalytic activity, especially, the dependency of the 
contact time, gap distance of electrodes and reactor tube diameter. Fig. 5.3 portrays the 
contact time dependency of CH4 conversion, product selectivity and C2H4/C2H6 ratio on 
Sr-La2O3 in the electric field. From results of the contact time dependency, we found 
that CH4 conversion and C2H4/C2H6 ratio increased with the contact time in the electric 
field as well as that in the conventional reaction. However, dependencies of the gap 
distance of electrodes and reactor tube diameter in the electric field were not similar to 
that in the conventional reaction. In spite of the same W/F, CH4 conversion was 
increased with increasing the gap distance of electrodes. In case of the same catalyst bed 
height, CH4 conversion and selectivity to products showed similar values in various 
W/Fs. These trends in the electric field were not observed in the conventional reaction, 
and the reaction field in the catalyst was different from that in the conventional reaction.  
From these results, we defined a contact time between the catalyst activated by the 
electric field and the feed gas, as an effective contact time (ECT), which was derived 
from the gap of electrodes divided by the feed flow rate. The ECT dependency on each 
result is shown in Fig. 5.4. As shown in Fig. 5.4, CH4 conversion was proportional to 
the ECT, so the effective zone of catalyst activated by the electric field was located 
between the electrodes. 
 
5.3.3. Effect of Sr/La molar ratio on Sr-La2O3 catalyst for applying the electric field 
As noted above, we found that the electric field was not applicable on La2O3 
catalyst and spark discharge was generated. In order to evaluate the effect of doped 
strontium-ion, we examined the OCM reaction in the electric field on Sr-La2O3 catalysts 
which had various Sr/La molar ratios. As a result, the electric field was applied on 
Sr-La2O3 catalyst whose Sr/La molar ratio was over 1/200, and spark discharge was 
generated on Sr-La2O3 catalyst whose Sr/La molar ratio was under 1/500. So we found 
that the amount of doped strontium-ion on Sr-La2O3 was an important factor for 
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applying the electric field. 
It was reported that doping metal into oxide increased the electrical 
conductivity22,23). So we measured electrical conductivities of various Sr-La2O3 
catalysts by alternate current (AC) impedance measurements. Results are shown in Fig. 
5.5. The vertical axis shows a common logarithm of the electrical conductivity. The 
electrical conductivity increased with increasing Sr/La molar ratio. So we found the 
electrical conductivity of the catalyst was also an important factor for applying the 
electric field. 
We considered Kröger-Vink formula over Sr-La2O3. The formula and 
electroneutrality conditions are shown in eq.2 and eq.3. 
SrO = SrLa΄ + OO
× +1/2VO
••                   ([VO
••] = 2[SrLa΄])         eq. 5-2 
SrO + 1/4O2 = SrLa΄ + 3/2 OO
× + h•             (h• = [SrLa΄])              eq. 5-3 
These formula shows that the electrical conduction career over the catalyst is an 
oxygen-ion vacancy or a hole acceptor. 
 
5.3.4. Effect of applied current to the catalyst 
Islam et al24) reported that a hole would be an active site for oxidative coupling of 
methane. So we examined the input current dependency on catalytic activity in the 
electric field in order to discuss the influence of the hole in the catalyst. The results are 
shown in Fig. 5.6. The increase of the input current provided the increase of CH4 
conversion, CO and CO2 selectivity, and the decrease of C2 (C2H4, C2H6) selectivity. 
This result inferred that the increase of the input current promoted the formation of CO 
and CO2. 
We also examined the effect of input current at CH4/O2/Ar = 50/10/200 mL min
-1 in 
the electric field. Although CH4 conversion decreased with increasing the input current, 
C2 selectivity indicated more than that in case of CH4/O2/Ar = 50/10/200 mL min
-1. The 
lower contact time was, the less the sequential reaction was prevented. However, 
selectivity in case of CH4/O2/Ar = 75/15/300 mL min
-1 was the same as that in case of 
CH4/O2/Ar = 50/10/200 mL min
-1. This result indicated the catalytic activity on 
Sr-La2O3 catalyst without the sequential reaction. In this condition, CO and CO2 
selectivity also increased with increasing the input current. So this result inferred that 
the formation of CO and CO2 proceeded not only on the catalyst, but also in the gas 
phase, in which the sequential oxidation decreased C2 selectivity due to high 
temperature. 
 
5.3.5. Effect of CH4/O2 molar ratio in the feed gas 
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We examined the OCM reaction in the electric field at various CH4/O2 molar ratios 
in feed gases in order to prevent the sequential oxidation in gas phase. The result is 
shown in Fig. 5.7. The increase of CH4 partial pressure in feed gases provided the 
increase of C2 selectivity and the decrease of CO2 selectivity in common with the 
conventional reaction. Selectivity to CO was almost constant for all CH4/O2 molar 
ratios. 
CO formation proceeded in gas phase, and the electric field brought an increase of 
the temperature in the catalyst bed. CO formation in gas phase was not influenced by 
oxygen partial pressure in the electric field. Low oxygen partial pressure prevented the 
sequential oxidation in the conventional reaction, and the reaction mechanism in the 
electric field seemed to be different from that in the conventional reaction. In order to 
consider this reason, we focused on the temperature in the catalyst bed. This OCM 
reaction was a high exothermic reaction, and the gas temperature increased with 
proceeding the OCM reaction. We considered that the temperature in the catalyst bed 
increased by the heat generated in the electric field as well as the reaction enthalpy. 
 
5.3.6. Energy balance in the electric field 
We evaluated the energy balance in the electric field, and the temperature in the 
catalyst bed. We tried to measure the maximum temperature by emission spectra from 
the catalyst bed. As a result, the temperature might be increased over 1200 K in the 
electric field. The sequential and non-selective oxidation in gas phase seemed to 
proceed with the catalytic reaction at such a high temperature. 
We evaluated the energy balance for this application from the temperature. First, 
we calculated the reaction enthalpy from CH4 conversion and selectivity, and the 
reaction enthalpy was ca. 0.94 J sec-1. Next, we calculated the sensible heat from 423 K 
to the maximum temperature from emission spectra (TE.S.), and the sensible heat was ca. 
1.1 J sec-1. We considered that the difference between the reaction enthalpy and the 
sensible heat was the energy from the electric field, and the energy from the electric 
field was ca. 0.16 J sec-1. Then we compared the energy with the input energy from the 
electric field (3.0 mA, 900 V), and an efficiency of the electric field (EEF) was ca. 
6.2 %. 
We also evaluated the energy balance at various input currents, and the results are 
shown in Table 5.2. For all experiments, the reaction enthalpy could not purvey the 
sensible heat. So the electric field assisted the sensible heat, and increased the 




5.4.  Conclusion 
We examined the OCM reaction in the electric field at various experimental 
conditions, and measured the electrical conductivity of the catalyst. We found that the 
electric field activated the catalyst located between electrodes, and electrical 
conductivity of the catalyst was an important factor for applying the electric field. The 
temperature in the catalyst bed increased by the heat of the exothermic reaction and the 
electric field. The sequential and non-selective oxidation in gas phase was difficult to 
control due to its high temperature. The electric field provided the increase of 
temperature in the semi-conductor catalyst selectively, and catalytic reaction proceeded 
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Fig. 5.3. Conversion, selectivity, and C2H4/C2H6 ratio over Sr-La2O3 (Sr/La=1/20) 
catalyst with various W/Fs in the electric field.  
Reaction condition at W/F=1.3 g-cat. h mol-1; CH4/O2/Ar=60/12/240 mL min
-1, furnace 
temperature 423 K, input current 3 mA, catalyst loading 200 mg.  
Reaction condition at W/F=1.6 g-cat. h mol-1; CH4/O2/Ar=50/10/200 mL min
-1, furnace 
temperature 423 K, input current 3 mA, catalyst loading 200 mg.  
Reaction condition at W/F=2.0 g-cat. h mol-1; CH4/O2/Ar=40/8/160 mL min
-1, furnace 
temperature 423 K, input current 3 mA, catalyst loading 200 mg.  
Reaction condition at W/F=3.2 g-cat. h mol-1; CH4/O2/Ar=25/5/100 mL min
-1, furnace 



















Fig. 5.4. Effect of contact time on CH4 conversion at various experimental conditions on 
















Fig. 5.5. Electrical conductivities of Sr-La2O3 catalysts at various Sr/La molar ratios at 
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Fig 5.6. Effect of the input current on CH4 conversion and selectivity at various feed 






















Fig. 5.7. Effect of CH4/O2 molar ratio on CH4 conversion and selectivity on Sr-La2O3 




















Experimental conditions; 423 K external heat, W/F = 3.2 g-cat h mol-1 and CH4/O2/Ar = 










Experimental conditions; room temperature, W/F = 3.2 g-cat h mol-1 and CH4/O2/Ar = 







In this thesis, I attempted to achieve high selectivity for partial oxidation of 
methane (POM) and oxidative coupling of methane (OCM) by using La-containing 
composite oxides. I clarified the effect of the La-containing composite oxides for the 
active center, and the reaction scheme of the POM or the OCM. 
In the chapter 2, we developed supported Ni catalyst for low temperature ignition of 
POM. We found that Ni/LaAlO3 catalyst, which was pre-reduced at 1023 K, ignited the 
POM at temperature as low as 673 K. The effluent gas composition was coincide with 
the equilibrium composition of indirect POM (methane combustion + methane steam 
reforming + water gas shift) at 823-843 K. So, it was surmised that the temperature of 
the catalyst bed was increased at least 150-170K by methane combustion. LaAlO3 
support of the Ni/LaAlO3 catalyst played an important role for the low temperature 
ignition of POM, because Ni/La2O3 and Ni/-Al2O3 catalysts could not ignited the POM 
at the same condition for the case of Ni/LaAlO3 catalyst. From a result by temperature 
programmed reduction, Ni species on LaAlO3 support was easier to be reduced than that 
on La2O3 and -Al2O3 supports, due to the week interaction between Ni species and 
LaAlO3 support. From methane pulse testing for these catalysts, I confirmed that this 
highly reduced Ni species on LaAlO3 support had high methane activation ability at 673 
K than Ni species on La2O3 or -Al2O3 support. It was inferred that this high methane 
activation ability of Ni/LaAlO3 catalyst participated in the POM ignition at 673 K. 
Moreover, I performed a second metal addition on to the Ni/LaAlO3 catalyst in order to 
enhance the performance of this catalyst. As a result, I found that Pd/Ni/LaAlO3 catalyst 
showed the same activity as the Ni/LaAlO3 catalyst at 673 K without pre-reduction. 
Although Pd/LaAlO3 catalyst (no Ni) had POM activity at 673 K without pre-reduction, 
low hydrogen yield was observed on the Pd/LaAlO3 catalyst due to the hydrogen 
combustion. Pd species on Pd/Ni/LaAlO3 catalyst was an active center for C-H 
dissociation of methane, and promoted NiO reduction without pre-reduction. From 
several characterizations for the catalyst structure, it was clarified that the state of Ni 
species on the Ni/LaAlO3 catalyst was not changed by the Pd addition. NiO on the 
support could be reduced by H2 or CH4 on the Pd/Ni/LaAlO3 catalyst.  
In the chapter 3, I investigated supported Pt catalyst for POM. I found that 
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Pt/La1-xSrxAlO3- catalyst showed higher POM activity than Pt/-Al2O3 catalyst. From 
diagnosis of reaction scheme on these catalysts, it was clarified that the high POM 
activity on Pt/La1-xSrxAlO3- catalyst was derived from a high activity of steam 
reforming under oxidized atmosphere. Results of CO chemisorptions and TEM 
measurements for the catalyst indicated that Pt on La1-xSrxAlO3- support maintained 
high dispersion under oxidized atmosphere. Furthermore, I found that the Pt species 
sintered under the reduction treatment was re-dispersed by the oxidation treatment. A 
strong interaction between supported Pt and surface lattice oxygen on the La1-xSrxAlO3- 
support was indicated by XPS and EXAFS measurements. This strong interaction 
contributes to the high dispersion of Pt on the La1-xSrxAlO3- support under oxidized 
atmosphere. 
In the chapter 4, I performed OCM on La-containing perovskite oxide catalysts. I 
found that Fe-La2O3 catalyst, which was mixture phase of LaFeO3 and La2O3, showed 
high C2 yield (O2 based) by an interaction between LaFeO3 and La2O3. The conversion, 
selectivity and yield were changed by La/Fe ratio of Fe-La2O3 catalyst. It was surmised 
that the balance of LaFeO3, which associated with oxygen activation, and La2O3, which 
associated with C2 production in the Fe-La2O3 catalyst, affected the C2 yield. Moreover, 
I found that La-containing perovskite oxides such as LaInO3, LaGaO3 and LaAlO3 
showed OCM activity. The order of C2 selectivity was LaInO3>LaGaO3>LaAlO3. I 
developed an effective OCM catalyst using the LaInO3 catalyst. Partial substitution of 
La3+ site of LaInO3 with Ba
2+ increased the C2 yield of the catalyst. The partial 
substitution of La3+ site of LaInO3 with Ba
2+ increased oxygen vacancies, and then 
contributed to the production of active oxygen species on the LaInO3 surface for 
selective C2 formation. 
On a basis of the knowledge from the chapter 4, I achieved low temperature (423 
K) ignition of OCM by applying direct current (DC) into La-containing oxide catalyst in 
the chapter 5. In the case of La2O3 catalyst, plasma formation was observed with high 
C2H2 selectivity and much carbon deposition by applying DC. Meanwhile, C2H6 and 
C2H4 were produced without C2H2 formation on Sr-La2O3 catalyst by applying DC. I 
inferred that a heating with electrical conduction in the Sr-La2O3 catalyst achieved the 
low temperature ignition of OCM. From electrical conductivity measurements by an 
impedance method, it was surmised that Sr doping increased the electrical conductivity 
of La2O3, and this increase of electrical conductivity contributed to the heating with 
electrical conduction for OCM. 
Through this thesis, I clarified how the nature of La-containing composite oxide 
affected methane selective oxidation reactions. In the case of POM, I clarified effect of 
121 
 
interaction between La-containing oxide support and supported metal for electrical state 
or dispersion of supported metal. In the case of OCM, I clarified how the nature of 
La-containing oxide catalysts affected the C2 formation. The knowledge of this thesis 
would contribute to low temperature POM and further increase of C2 yield on OCM, 
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